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Abstract 

Background Wearing face masks in public is an effective strategy for preventing the spread of viruses; however, it may 
negatively affect exercise responses. Therefore, this review aimed to explore the effects of wearing different types of face 
masks during exercise on various physiological and psychological outcomes in healthy individuals. 

Methods A literature search was conducted using relevant electronic databases, including Medline, PubMed, Embase, 
SPORTDiscus, Web of Science, and Cochrane Central Register of Controlled Trials on April 05, 2022. Studies examining 
the effect of mask wearing (surgical mask, cloth mask, and FFP2/N95 respirator) during exercise on various physiological 
and psychological parameters in apparently healthy individuals were included. For meta-analysis, a random effects model 
was used. Mean difference (MD) or standardized MD (SMD) with 95% confidence intervals (CI) were calculated to analyze 
the total effect and the effect in subgroups classified based on face mask and exercise types. The quality of included studies 
was examined using the revised Cochrane risk-of-bias tool. 

Results Forty-five studies with 1264 participants (708 men) were included in the systematic review. Face masks had sig- 
nificant effects on gas exchange when worn during exercise; this included differences in oxygen uptake (SMD — 0.66, 95% 
CI — 0.87 to — 0.45), end-tidal partial pressure of oxygen (MD — 3.79 mmHg, 95% CI—5.46 to — 2.12), carbon dioxide pro- 
duction (SMD — 0.77, 95% CI — 1.15 to — 0.39), and end-tidal partial pressure of carbon dioxide (MD 2.93 mmHg, 95% CI 
2.01-3.86). While oxygen saturation (MD — 0.48%, 95% CI — 0.71 to — 0.26) decreased slightly, heart rate was not affected. 
Mask wearing led to higher degrees of rating of perceived exertion, dyspnea, fatigue, and thermal sensation. Moreover, a 
small effect on exercise performance was observed in individuals wearing FFP2/N95 respirators (SMD — 0.42, 95% CI — 0.76 
to — 0.08) and total effect (SMD — 0.23, 9596 CI — 0.41 to — 0.04). 

Conclusion Wearing face masks during exercise modestly affected both physiological and psychological parameters, includ- 
ing gas exchange, pulmonary function, and subjective discomfort in healthy individuals, although the overall effect on exercise 
performance appeared to be small. This review provides updated information on optimizing exercise recommendations for 
the public during the COVID-19 pandemic. 

Systematic Review Registration Number This study was registered in the International Prospective Register of Systematic 
Review (PROSPERO) database (registration number: CRD42021287278). 


Wearing face masks during exercise affects gas exchange 
and pulmonary function. 
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1 Introduction 


The outbreak of the novel coronavirus disease 2019 
(COVID-19) was declared a pandemic by the World Health 
Organization (WHO) [1]. Severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), which causes COVID-19, has 
infected 505 million people and caused more than 6 million 
deaths globally, as of April 2022 [1]. This virus is transmit- 
ted from person to person via airborne transmission, res- 
piratory droplets, and aerosols, especially for those in close 
contact (e.g., distance < 1 m) with an infected person [2, 3]. 
Wearing face masks in public has proven to be an effective 
strategy to prevent the spread of the virus, thereby having a 
dual protective purpose in terms of protecting oneself as well 
as others from getting the viral infection [4, 5]. Therefore, 
wearing face masks in public is widely recommended by 
international and national authorities such as the Centers 
for Disease Control [6], the WHO [7], and the Government 
of Hong Kong [8]. 

Regular exercise is essential for healthy living and low- 
ers the risk of cardiovascular diseases, diabetes mellitus, 
and obesity, which can increase the number and severity 
COVID-19-related symptoms [9]. However, during the 
COVID-19 pandemic, the closure of indoor fitness facili- 
ties and restrictions in terms of social distancing may lead 
to decreased exercise and physical activity levels [10]. 
The risk of viral transmission can be exacerbated during 
exercise because of heavy and rapid breathing [11], which 
necessitates wearing a face mask during exercise. Con- 
versely, wearing a face mask during exercise may entail 
a physiological effect, such as a decrease in the maximal 
oxygen consumption (VO,,,,,) [12] and oxygen satura- 
tion (SpO,) [13] and an increase in the partial pressure 
of end-tidal carbon dioxide (PetCO,) [14], which may 
impair exercise performance or even create safety con- 
cerns. Moreover, studies have examined the effects of 
wearing a face mask on various physiological parameters 
using different exercise protocols, including a progressive 
exercise test using cycling [14], the 6-min walk test [13], 
and walking on a treadmill at a steady speed [15], with 
inconsistent results. 

To our knowledge, only two systematic reviews have 
examined the effects of wearing face masks on physiological 
parameters during exercise. Shaw et al. reported that wear- 
ing face masks during exercise had no influence on exer- 
cise performance and only a minimal effect on physiologi- 
cal outcomes [16]. Another study identified a reduction in 
SpO, and a negative effect on the capacity for gas exchange 
and pulmonary function during exercise performed wear- 
ing N95/FFP2 or surgical masks [17]. The abovementioned 
systematic reviews conducted literature searches on March 
23, 2021 [16], and May 05, 2021 [17], respectively. Since 
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then, several studies related to this topic have been pub- 
lished, and a more updated systematic review focusing on 
the use of face masks during exercise in healthy individuals 
is necessary. Additionally, wearing a face mask during exer- 
cise can affect psychological indicators [18], which should 
also be considered when interpreting physiological findings. 
When wearing a mask during exercise, a higher-level rating 
of perceived exertion (RPE) and dyspnea was reported in 
one of the aforementioned systematic reviews [16]. Because 
of more recently published studies on this topic, more psy- 
chological indicators should be involved. Therefore, we con- 
ducted a systematic review and performed a meta-analysis 
to explore the effects of wearing a mask during exercise on 
both physiological and psychological parameters in healthy 
individuals. 


2 Methods 


The Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) [19] recommendations were 
followed in this review protocol. The study was registered 
in the International Prospective Register of Systematic 
Reviews (PROSPERO) database (registration number: 
CRD42021287278). 


2.1 Literature Search 


Six electronic databases (Medline, PubMed, Embase, 
SPORTDiscus, Web of Science, and Cochrane Central Reg- 
ister of Controlled Trials) were searched for relevant stud- 
ies on April 05, 2022. The search strategy is presented in 
Table S1 (see electronic supplementary material [ESM]). 
Two reviewers independently screened each article's title, 
abstract, and full text. Any discrepancies in the results were 
resolved by consulting a third independent reviewer. 


2.2 Study Selection 


Studies that met the following criteria were included in our 
systematic review: (i) studies including healthy individu- 
als without any age limitations; (ii) studies including face 
masks, such as surgical masks, cloth masks, and FFP2/N95 
respirators, which were available in the market and used by 
the general public while performing exercise; (iii) studies 
that performed comparisons among those wearing and not 
wearing (‘no masks’) face masks. (iv) the outcomes were 
physiological indicators (e.g., SpO,, oxygen uptake [VO, ], 
carbon dioxide production [VCO,], pulmonary function, 
heart rate, lactate), psychological responses (e.g., RPE, 


Effect of Mask Wearing During Exercise 


thermal sensation, dyspnea, and fatigue level), and exercise 
performance; (v) the study adopted a randomized controlled 
design (crossover or parallel) or repeated measure design, 
(vi) studies were peer-reviewed and written in English. Stud- 
ies were excluded if they (i) were comments, editorials, or 
reviews; (ii) involved participants with COVID-19 infection, 
or other clinical disease; (iii) included training masks. 


2.3 Data Extraction 


Two reviewers (CZ and KW) independently extracted the 
data. The characteristics of the included studies are summa- 
rized in Table 1. The following information was extracted: 
background (name of first author and year of publication), 
characteristics of participants (health status, number of 
participants, age, and sex), study design, exercise protocol, 
included mask types, physiological and psychological con- 
stituents studied, and main results. 

For pooled analysis, the mean and standard deviation of 
physiological and psychological parameters in *mask-on' 
and "mask-off” conditions were extracted by two review- 
ers. The measurement at the end of the exercise period was 
retrieved, which reflected the most stressful point of the 
exercise test [16]. For example, if a progressive intensity 
protocol applied the exercise test until exhaustion, only the 
value at the end of the final phase was extracted. For missing 
data, the corresponding author of the study was contacted. If 
the missing data remained unavailable, the available graph 
data were extracted using WebPlotDigitizer [20]. 


2.4 Risk of Bias and Publication Bias 


Two reviewers assessed the risk of bias for each included 
study using the revised Cochrane risk-of-bias tool for rand- 
omized trials (RoB 2) and RoB 2 additional considerations 
for crossover trials [21, 22]. This included six domains: ran- 
domization, period and carryover effects, deviation from the 
intended intervention, missing outcome data, measurement, 
and selection of reported results. Each domain was catego- 
rized as ‘high risk,’ “some concerns,’ or ‘low risk,’ and the 
six domains were used to rate the overall bias [22]. Moreo- 
ver, funnel plots were constructed to visually represent the 
publication bias if at least 10 studies were included in the 
meta-analysis. 


2.5 Statistical Analysis 


The meta-analysis was performed using Review Manager 
version 5.4. software (The Cochrane Collaboration, 2020) 
and the random effects models (DerSimonian and Laird). 
Meta-analysis was used to perform a statistical analysis of 
the outcomes reported by at least four studies. Sub-group 
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analyses were performed on different types of face masks 
if at least two studies examined the same type of face mask 
and on different types of exercise (progressive exercise 
test and steady-state exercise). Standardized mean differ- 
ences (SMDs) with 95% confidence intervals (CIs) were 
determined to analyze exercise performance, VO,, VCO,, 
RPE, dyspnea, fatigue level, and thermal sensation, while 
the mean differences (MDs) and 95% CIs were used to ana- 
lyze the remaining parameters. Sensitivity analyses were 
performed based on each study's risk-of-bias score and 
population. A p value «0.05 was considered statistically 
significant. ? values were used to represent statistical het- 
erogeneity and were classified as low (0-25%), moderate 
(26-50%), substantial (50-75%), and high (> 7596) [23]. 


3 Results 
3.1 Study Selection 


The review identified 8109 records on searching the six data- 
bases. After removing duplicates, 5696 articles remained, 
and 92 passed the title and abstract screening. Forty-seven 
articles were excluded for different reasons, including 
participants with clinical diseases or pregnancy (n= 19), 
no required face mask (n=9), no suitable control group 
(n 29), review or commentary paper (n = 6), and abstract 
only (n — 4). Finally, 45 and 43 articles were included in the 
present systematic review and meta-analysis, respectively, 
and the details of this process are shown in Fig. 1. 


3.2 Characteristics of the Included Studies 


Most included studies were randomized crossover studies 
(n —42), while two studies were randomized controlled tri- 
als [24, 25] and one study used a non-randomized repeated 
measure [26]. Except for three studies that involved children 
[27-29], all the other studies involved adults, including ath- 
letes (n — 3) [30-32], recreational athletes (n — 2) [33, 34], 
and healthy adults (n 237) [3, 12-15, 18, 24—26, 35-62], 
with a total of 1264 participants (708 men, 556 women) 
included. Overall, 37 studies included both men and women, 
while eight included only men. Surgical masks were used in 
36 studies, in contrast to the 20 and eight studies that used 
the FFP2/N95 respirators and cloth masks, respectively. 

Overall, 22 studies used a progressive exercise test [3, 
12, 14, 18, 24, 26, 30, 35, 36, 39, 41, 43-45, 48, 50, 51, 
53—55, 59, 60], while 19 employed the steady-state constant 
exercise test [13, 15, 25, 29, 31, 34, 37, 38, 40, 42, 46, 47, 
49, 52, 56—58, 61, 62], and two used interval exercise tests 
[28, 32]. Moreover, one study used a resistance exercise test 
[33], and one used a sit-to-stand test [27]. 


C. Zheng et al. 


| eeudsÁp :JAN SA WS 


| dda 
I "ova 
‘NN SA INS 


1 (soeu) YH 

1 (soeu) ga 

1 (sopeur) uonenp osro1ox41 
1 eirpuodxo £310uq 

TAA 

T POA 

T LIN 

JAN SA WS 


1 “ods :INN $^ INS 


SNCIAN $^ S6N/INS 


1 *02d 
1 “Od 
(M S6) I YH IAN $^ WS 
:9SIOJIOXO PE8O[-1UP]SUO) 

| €eudsÁp :NN 
SA yseu [ouuv[4/C6N/INS 
‘Lad 


sSurpuy ur] 


128 


voudskq 
dda 
IWIT 
AH 


dda 

“ods 

"0014 
einjrpuodxo £310uq 
voudskq 

“ods 

LIN 

dd 

EIS 

ER 

d^ 

"ro A 

uonep ostodoxsq 
dd 

2161 os[nq 

“ods 

EIS 


so[roud [e0180]0)euwaH 


dd 

EIS 

voudskq 
jndjno ovipiea 
eumgoA oxong 
_ ua 

“ODd 

“Od 

AH 

“ods 


SƏUIO0]nO 


WN 
WS 


WN 
WS 


WN 
WS 


WN 
WS 


WN 
SON 
WS 


WN 
xseur [ouuv[d 


SON 
WS 


yseul IWA 


(M OST 3? 


DI £ + A 001 3€ uru 01) 
DEEN 


J9jauo31a o[oKo poyeaday 


lImupeən 


Te (wy L) Yea oxsug 
lImupeən 


Ip (u/un p) JLM MOIS 


[020101d sonig 

eu) Sursn [[Tupeor e uo 
189) OSTOIOXO |eurrxeur V 
(Gumun) [Ad 


(um 


UH %SS-05) 
Suppen ysuq Y-T 
sjuorpe3 
281 pU? 9T “I MIM 
pue yu c pu? cy ET 
ye 9—p So8e)s 'sjuorpe18 
9501 pue “ç “0 YIM pue 
Wm LT 3e CT saseig 
:([020101d sonig pou 
-IPOUL) osto1oxo [eurxv]A 
urut Qc 1OJ epe13 %Çç 
UA S/UI yc] JO pəəds 
p je SuIssol 10 SUNEM 
:9810J9XQ [eurrxeumqng 


M LTI PU? c6 1e SULO 
:9S1019x9 peo[-uejsuo;) 
wd1 09 Jo oouopeo [epod 
eq urejureur jou p[noo 
juedronaed ay) [pun 
UIUI/A OZ W peseoroug 
:(SurpoK5) Lad 


T02010Jd esro1oxzq 


JOAOSSOIO poziuiopue»] 


I9AOSSOJO POZTUIOPULY 


JOAOSSOID poziuiopues] 


I9AOSSOJO PazIUIOPUPY 


peron 
-u09 pezruropuew 


JOAOSSOID POZTULOPULY 


ustsop Apnisg 


sieoÁ 01 p£ 
(see LT) ST=N 
Amman 


s1eoK / S-67 
(saeu QT) IT=N 
AyyeoH 


Sai 66'STF SE LE 
(saeu []) 97=N 
Amman 


sieoK /0'I FZE 
(sepeur 91) 0£ =N 
Amman 


SIX OZ < 
(soeu z/) Pbl =N 
Amman 


sieoK [TF 0€ 
(sepeur ç) II =N 
Amman 


ase '(xos) N 
sns yey ,sjuedionseg 


[g£] (0707) “Te 19 muptog 


[zs] (1707) T? 19 uo-reg 


[os] (1702) Te 19 wyry 


[67] (1700) Te 19 In SV 


[vc] 
(1707) ‘Te 19 uerpeutuy 


[6c] (1700) "Te 19 9pV 


Apnig 


serpnjs pepn[our jo uondriose(q alger 


129 


Effect of Mask Wearing During Exercise 


| evaudskq 
Lan 
1 LA 
E 
1 “ods 
1 8A 
TOA 
JAN SA IND 
1 ord 
| TOORA ‘INN $^ WO 
:[0:nuoo [eorgo[ooq 
J *Old “INN SA IND "INS 
:JONUOd K10je1oqe'] 
| vou 
-dsKq AN ‘WS 84 WO 
:[o.nuoo [eor8o|ooə 
pue |onuoo K1oje1oqe'T 


T eoueisiq 
1 ods 
Lua 
EX 

1 "0014 
JAN SA WS 


| ddd ‘WN $^ WO 


| eeuds&q 
‘WN SA $6N/CdHA/WS 


sšurpuu ur] 


WOJWIODSIP [[EJ9A 


LA 

" Ua 
“ODA/AA 
“OA 

HA 
voudskq 
dda 
“ods 

dd 

EIS 


"OM 
“old 

“Old 
“Ooled 
voudskq 
“ods 

AA 

UH 
oinjeroduro] Apog 
j10Juroosi(q 
90URISIJ 
dd 

UH 

AA 

TODA 
“ods 


HdA 
suoneIoj200y 


sawn yutids 
voudskq 
eoutisiq 
“ods 

EIS 


sau021JNQ 


INN 
NO 


INN 
WO 
WS 


WN 
WS 


WN 
WO 


WN 
S6N/CdH 
WS 


[eui 0084 


To20101d 

I[rupeog sonig v Jursn 

189] Əsr91əxə Areuoul 
-[ndorpreo [ejuouro1ou] 


(Gumun) [Ad 


(Kyrsuojut 

esro1oxo [eurrxeuiqns) 

Jojouro31o o[oAo POYLIQ 

Kj[eoruojoopo ue uo 
sper SurpoKo urur-g 


189) Jem urui-9 


xen Suruuni 

JOOp]hO ue UO PpaULIOF 

-Ied “suni uooMjoq 

TEAU urtu-+ DATSSEÅ 
e rA 'surids ut 0ç X ç 


189) Jem urtu-o 


T020101d esro1oxq 


I9AOSSOJO POZTULOPULY 


JOAOSSOIO POZIUIOPULY 


JOAOSSOID poziuropue»] 


JOAOSSOID POZIUIOpULYyY 


peron 
-uoo pozruropuew 


ugisop Apnis 


sieoÁ [CFT £C 
(saeu LI) c£ =N 
Amman 


Sak ç FOT 
(sepeu /) cl =N 
Amman 


SÁ EL'TIF (80 
(sapu cp) 001 =N 
Amman 


Spa pF cc 
(sou /) OL =N 
SHAYH ploy pue JIL 


sÁ OE CT 9607 
(sejeur 97) OS =N 
Amman 


ase '(xos) N 
snjeis yey ,sjuedionseg 


[c1] (1700) Te 19 JANG 


[Le] 202) Te 19 Qiouoq 


[c1] (1700) "Te 19 Jorg 


[ce] (1Z07) Te 19 svjueq 


[sc] (1700) 
'[? 19 vore q-se[prue qe) 


Apnyg 


(penunuoo) | aqey 


C. Zheng et al. 


| dda 
Lan 
‘AN SA INO/INS 


I “ood 
I "0014 
:JAN SA S6N 


I ada 
| 9181 Əs[nq 


‘NN SA WD “WS 


T LA 

WE 

TAA 

1 “oqa 

TA 

T aoupuuottad peurxe 


“WN SA NdH4 


HOOD" ‘WN 
SA WS :uonsneuxo 2001 
I TODE ‘INN SA S6N 


TAA ‘INN 8^ CdH "INS 
1*0A ‘WN SA zd SWS 
T IIHI JAN SA INS 
T eoueurioj1od 
PULU JAN $^ Zdd ‘SWS 


s3urpuy ur] 


130 


Hd 
“ods 
an 
“ods 
an 
ow 
OD 
0014 


add 
“ods 
IWI os[nd 
dd 
Bb 
“oqae 
LA 


. HA 

xut A 

UH 

9oURUILIOJIAd [eurrxejq 


_ add 
"0014 

ES 

“ods 

an 

dd 

uornsneuxo 0) oui, 
Hd 

IWIT 

“OA 

TODA 

HA 

dd 


EI 
ƏouvuriroJjiod [eurrxejq 


SƏUIO09]nO 


WN 
WO 
WS 


WN 
SON 


WN 
WO 
WS 


WN 
WS 
S6N/CdH 


INN 
SON 
WS 


WN 
WS 
Cdd4 


[eui 0084 


poods juejsuoo e 
je suni oouvuinpuo urur-çT 


(WH [eurxew pojorpoud 

JO %09-0S) rupean 
p uo [EA YSLIG 

To20101d 

agreg pourpouir e Sursn 

1899 [JTUr peo ostoJoxo 
popeis pow mod de 
(Suryrem) Lad 


uonsneuxo 
Inun M Qc Aq uru ç 
K19A9 poseaIOUI SEA 
peo] au) pue A, Qc 18 HVIS 
(SUA) Hd 


uonsneuxo 
Inun M ¢z Aq uru ç 
K19A9 POSeaIOUT SEA 
peo] au) pue A, SZ 18 HVIS 
(SWA) Hd 


uonsneuxe [Nun 
M OG Aq urut ç £19A9 
PoseoIOUl sem PLOPHOM 
pu? A OST 10 00 W Ups 
(Suk) Lad 


020101d esro1oxq 


JOAOSSOIO poziuiopue»] 


JOAOSSOID pozruropue»] 


I9AOSSOJO POZIUIOPULY 


I9AOSSOJO pozruiopue»] 


I9AOSSOJO poziuropue»g 


I9AOSSOJO POZTULOPULY 


usisop Apnis 


(sə[etuəJ) seo E'I FOTZ 
(soeur) SILDA g'Z FETT 
(soeu 91) g£ =N 
sjuopnis sj1ods "Aumgan 


sÁ pI-L 


(sepeu 66) 901 =N 
Amman 


Ág'0*0'Ic 
(saeu CT) p; —N 
Amman 


sireoÁ C9 ['S€ 
(saeu zT) TI =N 
Amman 


seo pF pe 
(soeu 91) 9T=N 
Amman 


SIR / £ LZ 

(segui 91) 9T =N 
saye 

Aprea *peuren oM 


ase (xəs) N 
sns yey ,sjuedionseg 


[I£] (1700) uuewyoH 


[6c] (6107) Te 39 uon 


[9€] (1700) T? 19 tusnyn4 


[c] (0707) T? 19 zuy 


[r1] (1700) T? 19 urejsd 


[og] (1707) Te 19 19839 


Apnyg 


(penunuoo) | aqey 


131 


Effect of Mask Wearing During Exercise 


Lua 

Lan 

I *00d9 
:JAN $^ S6N 


| 2928} 
eq Jo pm auto 
| uonesues prung 
| uomuoaem ewy, 
| uonesuas mat 


JAIN SA WS 


| 110juroosip 
81940 :JAN SA S6N IND 
T TOAD 
T LOW 
T 3H 
T TOA 
JAN SA $6N ‘WO 


|, (arsuojur Aaeog) YH 
| (Aytsuayut 
Kavoy ‘oyelapoul) aga 
| (Aytsuayut Aavoy) JYS 
lH 
NN SA S6N 
1 "ODAIA 
Twa 
TOA 
TAA 
JAN SA WS 
ÇT + 9101 
JOM prosor} K1oje[DuoA 
T peeds Suruuns wnuwnxey 
T owy Suruuni umnunxepq 
T snxojd perogsodns 
ur Ájrsuop [ossoA pue YH 
1 “ods 
NN SA S6N/INS 


s3urpuy ur] 


dd 
UH 
“ods 
“00d 

oov] 
eu Jo Dun AeA 
enSrnej [eorsAuq 
uonesuas prunH 
3J0JUIOOSIp [EULIOU IL, 
Uonesuos [EULI9Q I, 


EI 


JHOJUIODSIP HEJSAO 
ada 

HH 

“ods 

TOAD 

LIN 

“OA 


dd 
ER 
YH 


Eti 
an 
*OOA/HA 
LA 


poods Suruuni unwrxey 
eurn Suruuni umumxejq 
Kyrsuop [ossoA 

“ods 

AH 

dd 


sau021JNQ 


INN 
SJAJEA 

uone[euxo INOYIIM C6N 
SOATCA 

uonepeuxo YM S6N 


WN 
WS 


WN 
WO 
SON 


WN 
SON 


WN 
WS 


WN 
SON 
WS 


[eui 0084 


(9pe1$ %0 YU OC 


[eM [[IUIPLQI] qu-[ 19A0SS019 pezruropuew 


(edo[s 
%S Y/U 9) uru oe 
IO} osto1oXo [[Tupeo1], 
enSnej 
[euonroa [nun uu 
£1949 %0`1 JO 3uouro1out 
pƏxu ? ur poseo1our pue 
250'c 01 00 Wo Ut 
puooes oy} 3? SuruurSəq 
peseo1our ope ou], 
(Gumun) Ld 
Kyrsuojur 
(OA %SL-IS) 
Aavoy pue “OPO, 
%0S—9Z) 91e1opour 
(04 %ST >) 1991 
ye so8vjs urui-c 2019) 
(r^ [0203o1d pe3usuro1oug 
(Suruunz) [dd 
(%ST+ 91 
yom p[oysary) Liow 
“UDA Je UTUI-Q] +%ST— 
IPI NOA. p|OUuSƏIU) 
K1oje[nuoA je urur-op) 
Stat 
1əlƏutoS1ə o[oKo payeaday 


uru 
/syeaq 061 pouoeo1 YH 
ou) Inun s[EAJ9]UT UTUI-C 
ye u/unj (yz Aq peseorour 
pue um 0`8 3? Leg 
(Gumun) [Ad 


020101d esro1oxq 


JOAOSSOIO poziuropue»] 


JOAOSSOID pozruiopue»] 


I9AOSSOJO POZIUIOPULY 


I9AOSSOJO POZIULOPULY 


I9AOSSOJO POZTULOPULY 


ugisop Apnis 


smoÁ Gc CC 
(sepeur cT) OC=N 
Amman 


Spa ç FET 
(soeu g) TI =N 
Amman 


(sə[etuəJ) seo T'Y F çZ 
(saeu) SILDA tc FOST 
(sepeut TT) 0C2N 
Amman 


s1eoÁ pp -F 9'6c 
(soeu OT) 01 =N 
Amman 


SIK CC c or vc 
(soeu 91) ce 2 N 
Amman 


steak ZL'EF6'9T 
(sepeur 9) çç =N 
Amman 


ase '(xos) N 
snjeis yey ,sjuedionseg 


[ct] (€100) Te 19 wry 


[or] (1707) Te 19 Oy 


[81] (1700) Te 19 11odures 


[19] (1661) seuof 


[c9] (1700) "Te 19 snsər 


[ce] (1700) ‘Te 19 eng 


Apnyg 


(penunuoo) | aqey 


T TOA 

twa 

JAN SA WS 

T Tord 

‘WN SA @ddd 

I “ood 

‘AN SA ZdAA ‘WS 
T TOA 

JAN SA WS 

1 LA 

TAA 

TODA 

‘AN SA ZdAA ‘WS 


C. Zheng et al. 


T uone[nuaa 1e[ooA[V 
| eum Kxogexidsug 

| AH 

JAN SA WS 

T “oqae 

Ta 

TAA 

1*0A 

1 004 

JAN SA WS 


T UH 

(seppur) JAN. SA INS 
T TOA 

:(sə[eurə]) JAIN SA NS 
TAA 

T LA 

JAN SA WS 


| 140juroo Suryjearg 
‘WN SA 001 d/S6N 


s3urpuy ur] 


132 


dda 

“ods 

"Oo 

“Old 

LA 

dd 

HA 

“OA 

“ODA 

AH 

Uone[nuoa Ie[ooA[V 
own Aroyerdsuy 


HdA 


_ SODA 
*OOAIHA 
HA 

WA 

HH 

| dd 
SOGAR 
ada 
*SOOA/HA 


HA 
Ə8v1uəoorod 


UI ƏA1Ə9sƏ: Juryjearg 
LA 

UH 

“ods 

“OA 

uonesuas [eurrou p 
j1ojuroo Surgyearq 
ada 

Et 

_ "SH 

"OM 

“ods 


S9urioon() 


DI QT ur 
esro1oxo yeod SurAomqoe 
ye Dom [020301d dures 

pezip[euosed v Sursn 


INN 1S9} 9stoJoxo Áreuouil 
cdd -[hndorpreo pejuawarouy 
INS (BuI[9A9) [Ad iƏ9AOossojo pezruropuew 


uidi 09 Jo Aouonbary 

unurrurtu ? (DIA 9393s 

INN  Ápeas ojejor] [eurrxeur 
INS ye SuroÁo UIW-QE JOAOSSOIO pozruiopuew 


peseojour sem PROT ay) 
pue uru z 10} tudi 09 


INN *M 0 W SUTLI 11818 
WS (SuioKo) [Ad 19A088010 pozruropuew 
WN 
O0Id ` (opp %0 um 9'c) 
S6N OSIOIOXO Upean Y-[ oAOSSOJO pozruropuew 


seul IWA T020101d esro1oxq ugisop Apnis 


SIRA p ZI FS OF 
(sepeu 9) TT =N 
Amman 


sieoÁ ç'£ç + / ` çZ 
(saeu pI) HI =N 
Amman 


(sə[puuə]) 
Sak SP'OFOT IC 


(sepeur) sieəK gç'I +00`1Z 


(sou ç) OI =N 
Amman 


SIK o'[ + C'CC 
(sew zT) ZT =N 
Amman 


ase '(xos) N 


sns yeay ,sjuedionseg 


ler] (1Z07) ‘Te 19 meden 


[cr] (0707) Te 19 Sursse'T 


[rg] (1707) Te 19 TT 


[951 (9100) ‘Te 19 wry 


Apps 


(penunuoo) | aqey 


133 


Effect of Mask Wearing During Exercise 


I *00d9 

I YA 

I AH 

:JAN SA INS 


SN ‘WN $^ S6N 


| dda 
‘AN SA WS 


| dda ‘INN 8^ INS 
:Ájrsuojurt SNOIOSTA, 


1 “ods 

| eaudskq 

| ddl 

‘WN SA CdHH 


| dda AN SA WS 

T IWIT 

T uonsneyxa oi oui], 
T peoprio^ IEN 


JAN SA oseur Ia pode] 


T uonsneuxe oj oui, 
JAN SA WS 


s3urpuy ur] 


uongpsuəs EWIN,L 
05049) 

“ods 

Hd 

JA 

HH 

S91OOS JIOJUIO) 
Hd 

an 

HA 

LA 

ES 

Kesab 

“ods 
oouvur10JJod SISAL 
dH 

“ods 

an 


“ods 
erd fog | 
add 
HH 


AH 

“ods 

voudskq 

dda 

uonenp Sunsa ostoJoxq 
eurn p[ouso1t orqo1oeuy 
dda 


jndjno 1940d 

“ods 

IWIT 

UH 

voudskq 
uonsneqxo 0} oui 
peopp10A [EUlrxe]A 


SƏUIO09]nO 


WN 
WS 


WN 
SOATRA 

uone[euxo INOUIM ç6N 
SOATBA 


uone[euxo WIM SON 


WN 
WS 


WN 
WS 


WN 
TdH4 
INS 


INN 
WS 


WN 
eur 1o3[y pede, 


WS 


[eui 0084 


V Į JO (YU 9c) 
HLI X104 oje1opour-Mo[ 


pm rupean ? uo DOEN, 


KAN 
-oədsə1 ‘y/u gc pue L'I 
Je Sunypem pprupeon u-T 


SJS9) PULIS-0)-JIS UTUI- Į 
(KpoAnoodsor *oxeydn 
UdBAXO [EUIIXEUI %ç/ 
pue ‘OS ‘SZ 1e SNOIOSIA 
pue *oje1opou 1981) 
sovjs urur-o oor YIM 
[020301d [e3uouro1ou] 
(Gumun) [gd 


T020101d rupean 
sonig poyuny-wojdurks V 
(Sumun) [Ad 
urtu 1od M OG JO peor 
[enpels v je sostoJoxo 
Surpepad snonuruoo 
o) popooooud 1so1 aug, 
(Suk) Lad 


uonsneuxo 
mun A Sz Aq paseoroutr 
peop[1oA ay) urut c 
yoo pue AA OG æ ueSəog 
(Sw) Lad 


020101d esro1oxq 


I9AOSSOJO POZTULOPULY 


JOAOSSOID POZTULOPULY 


JOAOSSOID poziuiopues] 


JOAOSSOIO poziuiopue»] 


JOAOSSOID PozIUIOPUPY 


JOAOSSOID POZTULOPULY 


JOAOSSOID PazIUIOPUPY 


ugisop Apnis 


smoK g'Z* çZ 
(sepeu CU OC=N 
Amman 


S1TeoÁ cc WIN 
(soyeut £) 01 =N 
Amman 


sÁ [I—9 
‘(saeu 91) LE=N 
uoip[rqo *AqijeoH 


sieoÁ p T 6IC 
(sopeu L) cp =N 
Amman 


SIRA CC c g'6c 

(soeu g) TI =N 
S[EUOIS 

-sojoud yjpeay Ay peoH 


SEA [TF HT 
(sepeur9) 9=N 
Amman 


steak ç'ç + c yc 
(sopu p) 8=N 
pouren ‘AeH 


ase '(xos) N 
sns yey ,sjuedionseg 


[LS] (Z10Z) Te 19 910904 


[8S] (0102) T? 19 9810904 


[LZ] (ZZ0Z) ‘Te 19 IOANA 


[vr] (1700) “Te 19 uooq 


[09] (1707) ‘Te 19 viueurq 


[IS] (0700) "Te 19 ens 


[ES] (C707) Te 19 SN 


Apps 


(penunuoo) | aqey 


C. Zheng et al. 


(S6N Á[uo) T “ODIed 
(S6N Aqu0) I "ODA/HA 
(S6N Aquo) 1 ^DA/HA 
(NS ATuo) Í LA 

| eeuds&q 

1 *IH/OA 

T aa 

TOA 

TAA 

| eum Kxogexidsug 

Í mop Aroyerdsuy 
JAN SA S6N/INS 


(¿S sagtys 'sopeurop | gar 
(L SJS :sopeuroy 

0-1 sius :so[eur) 

1 xopur uoneuosÁxo onssiT, 
JAN SA WS 


SNCIAN Sa WO/INS 


ji oouvuroprod KSE 
I dda 

:JAN SA dd 

1 *02d 

T “Od 

:JAN SA CddJ/INS 


(uonrpuoo 
Aysuojur-qrq) Í AdW 
EG 
T ods 
‘INN SA S6N/CdHH 


s3urpuy ur] 


134 


WHOA 
“OA/HA 
*SOOA/HA 
voudskq 
“OA 

UH 

WA 
00194 
HA 


LA 
euim Aroyerdsuy 
Mop K1ojeidsug 


xəpur uoruosÁxo onsst], 


dda 

“ods 

EIS 

Jamod yeog 


sourullojied osro1oxqq 
uonsneuxo 0) our 
“ods 

HH 

add 


ooueunopied Jead 


dd 
“ods 
add 
HH 
AdIN 


sau021NQ 


INN 
SON 
WS 


WN 
WS 


WN 
WO 
WS 


WN 
(GERI 
WS 


WN 
S6N/CdH 


eui 0084 


uon 
-sneuxo [nun uid ço—çç 
ye sə[euu 10] M OT pue 
sjuedronsæd oeu 10] 
M ST Aq utur | £19A9 
poseozour peopp1oA ou, 
(Suk) Lad 
SJJIYS uooA19q sjso1 
ur ç ir^ 'Furepad 
Asta, Jo s QZ '(19^od 
yead 2566) Sureped 
(prey, jo s 01 '(12^0d 
yead 250p) Sureped 
Asea, JO S OZ *SYIYS xig 
porad Koxoou paemus 
enSnej 
[euonroa [nun urut 7 
KI9A9 M S£ poseo1our 
sem pu? AA 001 91 
CC Woy posues 1108 
(Suk) Lad 
wid 06-04 18 urtu ç 
KI9A9 M OE JO Sosearour 
Aq pəAo|oJ sjuedronæd 
Se 107 M Of JO 
pue ope 10J M OL 
JO peopyom penur UV 
(Suk) Lad 
(uon 
-nedo: urnuirxeur ouo 
950€) Kisuojur oje1opoJA 
(uon 
-nəodəi urnuirxeur ouo 
Jo 2501) Kita uår 
:9S1019x9 sso1d qouog 


T020101d esro1oxq 


JOAOSSOID POZTULOPULY 


JOAOSSOID POZTULOPULY 


I9AOSSOJO POZTULOPULY 


I9AOSSOJO POZIUIOPULY 


I9AOSSOJO POZTULOPULY 


ugisop Apnis 


seo pF pc 
(sepeu 9) TI =N 
Amman 


smeoÁ 9 TE L'TI 
(sere 17) 97 =N 
s1oKe[d Koxoou quinoa 


SIX L'Z FTT 
(sepeu /) pI =N 
Amman 


sÁ E' OI FY'EE 
(sepeur 01) 0c —N 
Amman 


SAÁ pp FC LT 

(saeu LT) LI=N 
SIOJIPYSTOM 

[euonearser Áp[eod 


ase “(xəs) N 
sns yey ,sjuedionseg 


[ss] (2700) ‘Te 19 mus 


[87] (1707) "Te 19 megs 


[cr] (0707) Te 19 megs 


[65] (1707) Te 19 ng 


[eg] (1700) Te 19 2504 


Apps 


(penunuoo) | aqey 


135 


Effect of Mask Wearing During Exercise 


| 110jyuroosrp Surgearq 
JAN SA dno13 uo-yse 


| ade 
Jan 
JAN SA WS 


1 eurpuodxo £310uq 
1 “ODA 

TOA 

JAN SA WS 

1 *ods :INN SA ge 
ssəns poAroo1ed oAnoo(qng 
I 8d3l 

| əsoon[5 

Lager 

| eun] 

JAN SA WS 


| uoo 
Aroyertdsal paaraotad 


JAN SA IND/CdHA/INS 


s3urpuy ur] 


110juioosrp Surqyeo1q 
Daat ona neq 

TPPA 15110] 
Uonesuos [CULO L, 
dda 

AH 


HdA 
AH 


AA 

HA 

dd 

EIS 

einjrpuodxo AS10uq 
“ODA 

“OA 


esoon[r) 
ssəns 
poArooded aatjoofqns 
EIS 
“ods 
dda 
IWIT 
uon 
-19X9 [eorsAud poAroo1od 
OJ 
Aroyertdsal pontod 
°OOd31 
AA 
dad 
dds 
“ods 


S9uriooIn() 


WN 
ysew 191181) 
yseur odg 
S6N 
WS 


WN 
WS 


WN 
WS 


WN 
WS 


WN 
WO 
(CERI 
WS 


eui 0084 


MOA 9Anv[o1 Jo %09 
pue cc uooAjoq Surssof 


pue Surypeam JO urur 09 I9AOSSOI9 pezruropuew 


(pers %01 um p) 


Surypem UI DEA UIUI-9 I9A0SS0I9 pezruiopues 


sogejs 

p 1NOYSNOIY) s[eA1ojur 

um 01 YDED jo uon 

-e[duroo uodn yyury cn 

poseo1our sem poods 
pue UI cp ye IRIS 
(Suryrem) Lad 


(3unsay 
Joopino) sjso) 3uruuni 


sonsvoui pojeodow 


feurxeu ur-()p pue -0ç JOAOSSOIO pezruropuew 


poyover 
sem "Ad [entr eu) 
JO %08-OL 01 Surpuods 
-91109 |ƏAƏ9| ay) [nun 
M Sz Aq uru 7 A19A9 
peseorour pue AA OG JO 

A SZ (IT^ Dous Sur?) 
280] xeuiqns (DA) 


Kyroedeo Suryiom [eorsÁQ]qd |. 10A08SO1O pozruropuew 


T020101d esro1oxq 


ugisop Apnis 


SIRA ç pc 

(segui g) TI =N 

AN K[[porsAuq 

(so[&uro]) sÁ 6'6FL'TE 

(sapeu) se /'ZI FUSE 

(soeu 01) €Z =N 
spunoid»oeq ods 

snora YIM ALH 


(so[&urg]) s1eoK pc 
(soeur) Á gp 
(soeu /) p =N 
Krejuopoes Ay eo 


sieoÁ g'ç F [87 
(soyeul cp) ZL =N 


[euoneasar Ágyeod 


SRAT HI FT SE 
(sepeur Qc) 6€=N 


ase '(xos) N 
sns yey ,sjuedionseg 


2 
(1707) ‘Te 19 ereurusox 


[9t] (0707) Te 19 3u0A, 


[9c] (1707) Te 19 npntun 


[re] (1700) 
‘Te 29 *1o[m a y-019UJO], 


[vc] 
(T707) ‘Te 19 1əqlrqurə)s 


Apps 


(penunuoo) | aqey 


C. Zheng et al. 


eumoA (epp ZA ‘astnd uəSKxo YHŽOA ‘uondumnsuos uə8Kxo yeod WoA ‘uondumsuos uoSÁxo [eurrxeur 
PUTOA *uononpoid uashxo “QA ‘UdSAXO 107 sJuə|eAmbəo K1ojepnuoA SOA/TA Fuapeamba uoTe[HUIA əprxorp uogIes “QIA/FA *uonepnuaa omuru JA '*uononpojd oprxorp uogses 492A *epixorp 
uoqreo snosurynosue.n 07491 *uonemges uə8Áxo euwe Tods sew [20181ns ys ‘ainssaid poo[q oroisAs qs ‘ayer Aroyestdsar yy “uonioxə poAroo1ed Jo JUNLI Fy ‘ONLI adueyoxs K1ojeridso1 
YAY '*Sprxorp uoqaed jo ainssaid end painsvour A[snoouvnosuen 492274 *uo3Áxo JO ainssaid pend “Og ‘uaskxo pastdsut jo ainssoid [end ayy 49/4 *opixorp uoqmjə pouidsur Jo ainssaid pen 
-red (99/q *e1nsso1d [erred uoSKxo pepn-pua “Ojag ‘ainssaid ened oprxorp uoqaed [epn-puo %0I12d 89) osto1oxo ƏA1SSƏ1801d 774 *opixorp uogsed jo o1nssoud [end £924 5seur ou WN 201 
-eIidso1 ÇEN S6N ‘PWJP Jueouru8rs ou EN ‘AWOOTAA eArspdoud ueour AGW *uopeAmbo orogeau JAW *ensso1d UAI ues JV ‘HAIA HLI MEIY YYH TEuwrxeu oje1 yey "rr WI 
weoy YH “OO pandsur jo uoneuuoouoo uon OJIA 'eoeidooeg Surrey dd 'uonequoouoo oprxorp uoq1eo peuorpeag [epn-puo 409724 *oprxorp uogsed pepn-puo £973 'ensso1d poo[q 
oqoiserp TIC “seu qoo WI ‘UAP 1u9ju00 uo3Áxo snouoA-oLro11e pojeurso JO uone[no[eo ou 4Q4-p;) *oA1oso1 Surgyeo1q gg ‘aInssoid poo[q 44 *eouo1ogrp uo3Kxo snouo4-[EL9)1e “Qqav 


ATSI Furyjearg 


HH 

dd 

“ods 

| eeuds&q LA 

I romad wa 
Luu wad 

T Greed) YH _ LHW 
T *DDA/HA *OO1ed 
1 OA/HA tord 

1 Tord “OOA/AA 

T aad) HA *OAfHA 
T Greed) LA HA 
1 LAN “OA 
104 “ODA 

T TODA voudskq 
JAN SA WS ada 
s3urpuy ur] souroo2jn( 


136 


uonsneyxe [Nun wdi 09 
ye (urtu//AA ST-ST) 1emod 
[ejuouorour JOS IY) o) 
Surp1oooe Á ay) 


porepad sjuedron ed SIK OU LE / LC 


INN 9g pue “M 0 W Ups (saeu cg) IL =N 

INS (SunoK5) [dd IOAOSSOID poezruropuew APH 

ase *(xos) N 

[eur 9084 T020101d osro1oxq ugrsop Kpmg sns yey ,sjuedronzeq 


[gr] (1707) Te 19 Sueyz 


Apps 


(penunuoo) | aqey 


Effect of Mask Wearing During Exercise 


Fig. 1 Flowchart of publications 
included in systematic review 
and meta-analysis (PRISMA 
diagram). PRISMA Preferred 
Reporting Items for Systematic 
Reviews and Meta-Analyses 


E 
3 
= 
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= 
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Records removed before screening: 
Duplicate records removed 


Records screened 
(n = 5696) 


Full-text articles assessed 
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Records identified through database 
searching 
(n = 8109) 


(n = 2413) 


Records excluded 
> (n = 5604) 


Full-text articles excluded, 
with reasons (n = 47): 


for eligibility 
(n= 92) 


Participants with clinical diseases 
or pregnancy (n = 19) 

No required face mask (n = 9) 
No suitable control group (n = 9) 
Review paper (n = 4) 
Commentary (n = 2) 

Abstract only (n = 4) 


Studies included in review 


3.3 Physiological Outcomes 
3.3.1 Heart Rate 


The most common parameter analyzed was heart rate, which 
was reported in 40 articles [3, 12-15, 18, 24-31, 33-35, 
37-50, 53, 55—62]. A total of 37 studies were included in 
the meta-analysis, including data extracted using Web- 
PlotDigitizer from three studies [37, 61, 62]. Three stud- 
ies were excluded because raw data were unavailable [24, 
26, 27]. In the meta-analysis, in a comparison with ‘no 
masks,’ no significant differences were observed in those 
wearing surgical masks (MD 0.96 bpm, 95% CI — 1.01 
to 2.93; p 0.34, P=63%), FFP2/N95 respirators (MD 
1.63 bpm, 95% CI — 2.79 to 6.05; p=0.47, P =85%), cloth 
masks (MD — 0.94 bpm, 95% CI — 6.39 to 4.52; p=0.74, 
P =62%), and the total effect (MD 1.08 bpm, 95% CI — 0.69 
to 2.85; p=0.23, P — 7756), as shown in Fig. 2. When only 
steady-state exercise was included, a significant increase was 
noted in heart rate (p < 0.01), as shown in Table 2. When 


(n - 45) 


Articles excluded from meta- 
analysis (n = 2): 


No available data (n = 2) 


Studies included in meta- 


analysis 
(n= 43) 


the studies with a high risk of bias or studies that involved 
children were removed, there was still no effect on heart rate. 


3.3.2 Oxygen Uptake, End-Tidal Partial Pressure, 
and Saturation 


A total of 12 studies reported the effect of wearing a face 
mask on VO, [3, 12, 18, 26, 30, 42, 43, 48, 50, 51, 55, 62]. 
The results of our meta-analysis revealed a significant 
decrease in VO, (SMD — 0.66, 95% CI — 0.87 to — 0.45; 
p «0.01, P =43%) when performing exercise while wearing 
face masks, as shown in Fig. 3a. In the sub-group analysis, 
a significant decrease was noted in VO, in those with surgi- 
cal masks (p « 0.01) and FFP2/N95 respirators (p — 0.01), 
whereas no change was noted in those with cloth masks 
(p — 0.25). When considering the exercise type, a signifi- 
cant reduction was noted in the VO, in both progressive 
(SMD — 0.68, 95% CI — 0.93 to — 0.43; p « 0.01, P =48%) 
and steady-state (SMD — 0.57, 95% CI — 0.94 to — 0.21; 
p «0.01, P 22190) exercise (Table 2). Six studies reported 
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Study or Subgroup 


Face mask 


No face mask 


Mean [bpm] SD [bpm] Total Mean [bpm] SD [bpm] Total Weight 


Mean Difference 
IV, Random, 95% Cl 


C. Zheng et al. 


Mean Difference 
IV, Random, 95% CI 


1.2.1 Surgical mask 


Zhang et al. 2021 [48] 165.8 15.7 71 171 13.7 
Yoshihara et al. 2021 [47] 169.17 12.77 12 165.58 11.38 
Wong et al. 2020 [46] 128.4 13.2 23 124.4 12.8 
Tornero-Aguilera et al. 2021 (50m) [34] 110.6 35.1 72 106.3 35.3 
Tornero-Aguilera et al. 2021 (400m) [34] 167.6 25.92 72 152.4 15.9 
Shui et al. 2022 [55 168 16 12 176 12 
Shaw et al. 2021 [28 148.05 23.81 26 148.79 21.77 
Shaw et al. 2020 [45 179 19 14 179 16 
Rudi et al. 2021 [59 177.8 10.3 20 180.9 113 
Roberge et al. 2012 [57] 128.3 15.6 20 116.9 15.6 
Poon et al. 2021 [44 171.6 9.2 13 171.8 9.4 
Pimenta et al. 2021 [60] 173 14.6 12 170.1 14.4 
Ng et al. 2022 [53] 185 3 8 189 5 
Mapelli et al. 2021 [43] 168 16 12 170 14 
Lássing et al. 2020 [42] 160.1 11.2 14 154.5 11.4 
Li et al. 2021 (Males) [41] 170.6 11.33 5 177.6 10.5 
Li et al. 2021 (Females) [41] 162.6 21.72 5 162.6 17.67 
Kato et al. 2021 [40 171 14 12 169 15 
Jesus et al. 2021 (WRVT - 25%) [62] 148.56 13.62 32 147.35 13.01 
Jesus et al. 2021 (WRVT + 25%) [62] 186.69 10.59 32 185.48 9.38 
Hua et al. 2021 [35] 173.3 10.07 23 157.2 7.24 
Hoffmann et al. 2021 [31] 155.5 17.1 14 151.4 17.7 
Fikenzer et al. 2020 [3] 183 9.2 12 187 8.3 
Epstein et al. 2021 [14] 165.81 16.01 16 170.5 11.71 
Egger et al. 2021 [30] 189 9 16 191 9 
Doherty et al. 2021 [37] 143.15 8.81 12 139.78 11.4 
Dirol et al. 2021 [13] 94.06 17.03 100 91.47 18.27 
Cabanillas-Barea et al. 2021 [25] 99.86 25.74 50 107.24 33.53 
Boldrini et al. 2020 [38] 150 19 25 150 21 
Alkan et al. 2021 (45-64y) [50] 153.76 17.41 13 157.92 13.57 
Alkan et al. 2021 (18-25y) [50] 179.38 11.66 13 185.54 8.84 
Akgul et al. 2021 [49] 111.8 1.18 30 111.6 1.35 
Ade et al. 2021 [39] 138 27 5 135 26 
Subtotal (95% CI) 816 

Heterogeneity: Tau? = 14.58; Chi? = 86.88, df = 32 (P < 0.00001); I? = 63% 

Test for overall effect: Z = 0.96 (P = 0.34) 

1.2.2 FFP2/N95 

Yoshihara et al. 2021 [47] 166.25 1651 12 165.58 11.38 
Shui et al. 2022 [55] 172 13 12 176 12 
Rudi et al. 2021 [59] 177.4 12.4 20 180.9 11.1 
Rosa et al. 2021 (Moderate intensity) [33] 135.3 21 17 138.3 22.9 
Rosa et al. 2021 (High intensity) [33] 140.8 15.5 17 140.8 18.9 
Roberge et al. 2010 (2.5 m/h) [58] 101.3 9.4 10 101.3 11.8 
Roberge et al. 2010 (1.7 m/h) [58] 94.8 10.3 10 92.3 8.2 
Pimenta et al. 2021 [60] 170.8 13.8 12 170.1 14.4 
Mapelli et al. 2021 [43] 167 16.1 12 170 14 
Kim et al. 2016 [56 105.9 11.9 12 106.2 14.8 
Kim et al. 2013 [15 124.3 15.8 20 114.9 12.1 
Kampert et al. 2021 [18] 174 9 20 177 10 
Jones. 1991 [61] 150 15 10 137 18 
Hua et al. 2021 [35 181.4 6.89 23 157.2 7.24 
Goh et al. 2019 [29 110.2 7.73 106 108.4 9.84 
Fikenzer et al. 2020 [3] 182 11.2 12 187 8.3 
Epstein et al. 2021 [14] 168.81 12.84 16 170.5 11.71 
Egger et al. 2021 [30] 191 ky 16 191 9 
Cabanillas-Barea et al. 2021 [25] 105.67 32.2 50 107.24 33,53 
Ade et al. 2021 [39 137 25 11 135 26 
Subtotal (95% Cl) 418 

Heterogeneity: Tau? = 76.08; Chi? = 126.09, df = 19 (P < 0.00001); I? = 85% 

Test for overall effect: Z = 0.72 (P = 0.47) 

1.2.3 Cloth mask 

Shaw et al. 2020 [45] 182 12 14 179 16 
Kampert et al. 2021 [18] 174 10 20 177 10 
Hoffmann et al. 2021 [31] 157 18 24 151.4 17.7 
Driver et al. 2021 [12] 175.3 10 31 183.7 10.8 
Doherty et al. 2021 [37] 142.43 9 12 139.78 11.4 
Subtotal (95?6 CI) 101 

Heterogeneity: Tau? = 23.22; Chi? = 10.59, df = 4 (P = 0.03); |? = 62% 

Test for overall effect: Z — 0.34 (P — 0.74) 

Total (95% CI) 1335 


Heterogeneity: Tau? = 26.68; Chi? = 244.51, df = 57 (P « 0.00001); I? = 77% 
Test for overall effect: Z = 1.19 (P = 0.23) 
Test for subgroup differences: Chi? = 0.54, df = 2 (P = 0.76), I? = 0% 


71 2.5% -5.20 [-10.05, -0.35 === 
12 1.66 3.59[-6.09, 13.27 = 
23 20% 4.00 [-3.51, 11.51 > 
72 1.396 4.30[-7.20, 15.80 = 
72 21% 15.20 [8.18, 22.22 —— 
12 1.4 -8.00 [-19.32, 3.32 —— 
26 1.2% -0.74 [-13.14, 11.66 — 
14 1.2% 0.00 [-13.01, 13.01 — 
20 21% -3.10 [-9.74, 3.54 —- 
20 1.6% 11.40 [1.73, 21.07 —— 
13 2.06 -0.20 [-7.35, 6.95 —— 
12 1.3% 2.90 [-8.70, 14.50) SE 
8 2.6% -4.00 [-8.04, 0.04 —4 
12 1.3% -2.00 [-14.03, 10.03 — 
14 18% 5.60 [-2.77, 13.97 T 
5 1.1% -7.00 [-20.54, 6.54 — i 
5 04% 0.00 [-24.54, 24.54 
12 1.3% 2.00 [-9.61, 13.61 — 
32  22* 1.21 [-5.32, 7.74 => 
32  2.5* 1.21 [-3.69, 6.11 km 
23 2.5% 16.10 [11.03, 21.17 —— 
38 1.5% 4.10 [-6.48, 14.68 ——— 
12 2.1% -4.00 [-11.01, 3.01 ——r 
16 1.66 -4.69 [-14.41, 5.03 — 
16 22% -2.00[-8.24, 4.24 — 
12 1.9%  3.37[-4.78, 11.52 —— 
100 2.5% 2.59 [-2.31, 7.49. + 
50 1.3% -7.38 [-19.10, 4.34 — 
25 1.4% 0.00 [-11.10, 11.10 ——rL— 
13 1.3% -4.16 [-16.16, 7.84 — 
13 1.9% -6.16 [-14.11, 1.79 — 
30 34% — 0.20 [-0.44, 0.84 t 
5 03% 3.00[-29.85, 35.85 
840 57.0% 0.96 [-1.01, 2.93] * 
12 1.4 0.67 [-10.68, 12.02 — 
12 1.66 -4.00[-14.01, 6.01 — 
20 20% -3.50 [-10.79, 3.79 ——r- 
17 1.0% -3.00 [-17.77, 11.77 ——— 
17 1.3% 0.00[-11.62, 11.62 — 
10 1.7% 0.00 [-9.35, 9.35 —L— 
10 1.96 2.50 [-5.66, 10.66. —— 
12 1.4 0.70 [-10.58, 11.98 === 
12 1.3% -3.00 [-15.07, 9.07 [— 
12 1.4% -0.30 [-11.04, 10.44 — 
20 1.8% 9.40 [0.68, 18.12 —— 
20 23% -3.00 [-8.90, 2.90 = 
10 1.0% 13.00 [-1.52, 27.52 T—— 
23 26% 24.20 [20.12, 28.28 == 
106 2.9% 1.80 [-0.58, 4.18 r- 
12 1.9% -5.00 [-12.89, 2.89 ——r 
16 1.86 -1.69 [-10.20, 6.82 —t— 
16 24% 0.00 [-5.59, 5.59) == 
50 1.2% -1.57 [-14.46, 11.32 —— 
11 0.6% 2.00[-19.32, 23.32 — 
418 33.36 — 1.63 [-2.79, 6.05] > 
14 1.5%  3.00[-7.48, 13.48] = 
20 22% -3.00 [-9.20, 3.20] == 
38 1.7%  5.60[-3.54, 14.74] +> 
31 2.4% -8.40 [-13.58, -3.22] == 
12 1.96 2.65 [-5.57, 10.87] == 
115 9.7%  -0.94 [-6.39, 4.52] —_ 
1373 100.0% ^ 1.08 [-0.69, 2.85] * 
-50 35 0 25 50 


Favours face mask Favours no face mask 


Fig. 2 Pooled analysis on the effect of face masks on heart rate. Effects for the subgroups are based on the grouping variables of different types 
(surgical mask vs FFP2/N95 vs cloth mask). FFP2 filtering facepiece 2, N95 N95 respirator, WRVT work rate at the ventilatory threshold 


on variations in PetO, [3, 37, 39, 43, 48, 59]. In the meta- 
analysis, a significant reduction in PetO, was observed 
in those wearing surgical masks (MD —3.17 mmHg, 
95% CI — 4.87 to — 1.47; p «0.01, I? =0%), FFP2/N95 respi- 
rators (MD — 5.10 mmHg, 95% CI — 9.27 to — 0.94; p =0.02, 
P =44%), and total effect (MD —3.79 mmHg, 95% CI — 5.46 
to —2.12; p «0.01, P. =21%), as shown in Fig. 3b. The SpO, 


was monitored in 30 studies [12—15, 18, 25, 27-29, 31, 
33-37, 39, 42-45, 48—50, 52-54, 56-58, 60], and 27 stud- 
ies were included in the meta-analysis with data extracted 
using WebPlotDigitizer [52]. A significant decrease was 
observed in those wearing surgical masks (MD — 0.59%, 
95% CI — 0.87 to — 0.30; p «0.01, P — 7396) and in the total 
effect (MD — 0.4896, 95% CI — 0.71 to — 0.26; p «0.01, 
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Table 2 Subgroup analyses of effects of wearing face masks during exercise on physiological and psychological outcomes by exercise type 
Outcome n Progressive exercise test n Steady-state exercise 

MD or SMD (9596 CI) pvalue P MD or SMD (95% CI) pvalue P 
Exercise performance* 34  —0.34 (—0.52 to — 0.15) «0.001 63% 7 0.16 (—0.32 to 0.65) 0.51 90% 
Heart rate (bpm) 31  —0.74 (—4.48 to 2.99) 0.7 86% 25 2.69 (1.10 to 4.28) <0.001 33% 
VO 16 | —0.68 (—0.93 to — 0.43) «0.000 48% 3 — 0.57 (— 0.94 to — 0.21) 0.002 2196 
SpO, (96) 27  —0.60 (— 1.02 to — 0.18) 0.005 58% 19 —0.41 (—0.73 to — 0.10) 0.009 89% 
PetCO, (mmHg) 10 4.15 (2.77 to 5.53) «0.001 43% 10 2.09 (0.93 to 3.25) «0.001 6996 
RPE? 30 . 0.16 (0.05 to 0.28) 0.006 096 13 0.51 (0.27 to 0.76) «0.001 5896 
Dyspnea* 18 0.77 (0.53 to 1.01) «0.000 63% 8 0.64 (0.46 to 0.81) <0.001 0% 
Fatigue level 5 1.91 (0.29 to 3.53) 0.02 81% 0.56 (— 0.37 to 1.48) 0.24 0% 
Thermal sensation* 1.59 (0.55 to 2.64) 0.003 58% 0.35 (0.01 to 0.69) 0.04 0% 
Blood lactate (mmol/L) 6 — 1.06 (— 1.69 to — 0.44) <0.001 0% — 1.23 (—0.40 to 2.86) 0.14 87% 
Respiratory rate (breaths/min) 20 — 1.40 (—4.02 to 1.23) 0.3 92% 13 —0.26 (— 1.83 to 1.30) 0.74 76% 
Minute ventilation (L/min) 16 —18.11 (— 24.63 to— 11.58) <0.001 80% — 0.07 (— 4.47 to 4.33) 0.98 29% 
Tidal volume (L) 9 — 0.21 (—0.31 to — 0.10) «0.001 096 — 0.00 (—0.12 to 0.12) 0.98 23% 
VE/VCO, 4 — 1.18 (—2.42 to 0.06) 0.06 0% — 2.39 (— 4.97 to 0.19) 0.07 78% 


CI confidence intervals, MD mean differences, PetCO, end-tidal carbon dioxide partial pressure, RPE rating of perceived exertion, SMD stand- 
ardized mean differences, SpO, oxygen saturation, VE/VCO, carbon dioxide ventilation equivalent, VO, oxygen uptake 


“Outcome shown as SMD (95% CD 


P =79%), while no change was observed in those wearing 
FFP2/N95 respirators (p = 0.09) and cloth masks (p — 0.19) 
(Fig. 3c). Moreover, a significant reduction in SpO, was 
observed in both progressive (p « 0.01) and steady-state 
(p « 0.01) exercise (Table 2). For the sensitivity analyses, 
the results for all three parameters remained consistent after 
removing either the studies with a high risk of bias or those 
examining children. 


3.3.3 Carbon Dioxide Production and End-Tidal Partial 
Pressure 


VCO, was examined in five studies [26, 30, 42, 43, 48], 
and a reduction in VCO, was observed among those wear- 
ing surgical masks and in terms of the total effect (Fig. 4a) 
(SMD — 0.74 and SMD — 0.77, respectively). Additionally, 
13 studies reported PetCO, [13—15, 29, 37, 39, 43, 48, 
52, 55, 56, 58, 59]. From the meta-analysis, a significant 
increase in PetCO, was observed in the total effect (MD 
2.93 mmHg, 95% CI 2.01 to 3.86; p « 0.01, P — 6596) and in 
those wearing surgical masks (MD 2.32 mmHg) and FFP2/ 
N95 respirators (MD 3.44 mmHg) (Fig. 4b). As shown in 
Table 2, similar results were observed for the sub-group 
analysis in terms of exercise type. 


3.3.4 Lactate 
Lactate levels were reported in seven studies [3, 30, 34, 38, 


42, 44, 53], but no significant changes were observed in 
the total effect (MD —0.15 mmol/L, 95% CI — 1.19 to 0.89; 


p=0.78, P =82%). Similarly, no significant differences were 
observed for those wearing surgical masks (p — 0.87) and 
FFP2/N95 (p = 0.06), as shown in Fig. S1 (see ESM). More- 
over, a significant reduction in lactate level was observed in 
progressive exercise tests (p « 0.01), with no change during 
steady-state (p — 0.14) exercise (Table 2). 


3.3.5 Pulmonary Function 


The pooled effect estimates for pulmonary function are 
shown in Fig. S2 (see ESM). Specifically, four indica- 
tors were involved: respiratory rate (n= 19) [3, 12-15, 29, 
37, 39, 42, 43, 48, 50, 54—58, 61, 62], minute ventilation 
(VE) (n 2 12) [3, 26, 30, 41—43, 48, 50, 51, 55, 58, 62], 
tidal volume (VT) (n= 8) [3, 41-43, 48, 55, 58, 62], and 
carbon dioxide ventilation equivalent (VE/VCO,) (n — 6) 
[12, 41, 42, 48, 55, 62]. No significant effects were noted 
for respiratory rate (p 2 0.22) when using face masks dur- 
ing exercise. Conversely, significant reductions occurred in 
VE (MD — 14.46 L/min), VT (MD — 0.11 L), and VE/VCO, 
(MD - 1.69) in those with masks compared with those 
with no masks during exercise. The results of the sub- 
group analysis by exercise type are shown in Table 2. A 
significant reduction was observed in VE (p « 0.001) and 
VT (p «0.001) when only progressive exercise tests were 
included. After removing the studies with a high risk of 
bias or including children, the respiratory rate, VE, and VT 
results remained consistent. 
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(a) 


Face mask No face mask Std. Mean Difference Std. Mean Difference 
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 9596 CI 
1.3.1 Surgical mask 
Alkan et al. 2021 (18-25y) [50] 26.37 4.9 13 30.09 6.02 13 4.696 -0.66 [-1.45, 0.14 
Alkan et al. 2021 (45-64y) [50] 17.92 4.13 13 22.26 3.8 13 4.3% -1.06 [-1.89, -0.23 —— 
Egger et al. 2021 [30] 45 10.2 16 58.8 5.7 16 4.4% -1.63 [-2.44, -0.81 — 
Fikenzer et al. 2020 [3] 37.9 6 12 39.7 5.8 12 4.5% -0.29 [-1.10, 0.51 
Jesus et al. 2021 (WRVT + 25%) [62] 45.34 6.28 32 51.69 7.6 32 7.3% -0.90 [-1.42, -0.38 == 
Jesus et al. 2021 (WRVT - 25%) [62] 30.23 3.37 32 31.83 3.93 32 7.6% -0.43 [-0.93, 0.06 
Låssing et al. 2020 [42] 33.05 4.96 14 34.49 5.79 14 5.0% -0.26 [-1.00, 0.49 
Mapelli et al. 2021 [43] 27.5 6.92 12 30.96 6.71 12 4.4% -0.49 [-1.30, 0.32 
Otsuka et al. 2020 [51] 1,398.8 376.5 6 1,209.5 332.2 6 2.6% 0.49 [-0.66, 1.65 
Shui et al. 2022 [55] 1,345 325 12 1,6653 401 12 4.2% -0.81 [-1.65, 0.02 
Umutlu G et al. 2021 [26] 15.12 3.02 14 17.25 2.17 14 4.7% -0.79 [-1.56, -0.01 
Zhang et al. 2021 [48] 24.3 4.96 71 27.3 5.47 71 9.8% -0.57 [-0.91, -0.24 —— 
Subtotal (95% CI) 247 247 63.5% -0.64 [-0.86, -0.42] E 


Heterogeneity: Tau? = 0.03; Chi? = 14.28, df = 11 (P = 0.22); I? = 23% 
Test for overall effect: Z = 5.69 (P < 0.00001) 


1.3.2 FFP2/N95 


Egger et al. 2021 [30] 47.6 8.5 16 58.8 5.7 16 4.5% -1.51 [-2.31, -0.71] — 
Fikenzer et al. 2020 [3] 34.5 5.3 12 39.7 5.8 12 4.2% -0.90 [-1.75, -0.06] —J 
Kampert et al. 2021 [18] 38.1 8.6 20 39 8.9 20 6.1% -0.10 [-0.72, 0.52] 

Mapelli et al. 2021 [43] 28.24 8.79 12 30.96 6.71 12 4.5% -0.34 [-1.14, 0.47] 

Shui et al. 2022 [55] 1,417 363 12 1,653 401 12 4.496 -0.60 [-1.42, 0.23] 

Subtotal (95% CI) 72 72 23.7% -0.66 [-1.16, -0.16] dime 


Heterogeneity: Tau? = 0.17; Chi? = 8.37, df = 4 (P = 0.08); I? = 52% 
Test for overall effect: Z = 2.59 (P = 0.010) 


1.3.3 Cloth mask 


Driver et al. 2021 [12] 32.2 9 30 43.9 8.1 30 6.7% -1.35 [-1.91, -0.78] — 
Kampert et al. 2021 [18] 38.2 8.7 20 39 8.9 20 6.1% -0.09 [-0.71, 0.53] 
Subtotal (95% Cl) 50 50 12.9% -0.73 [-1.96, 0.51] 


Heterogeneity: Tau? = 0.70; Chi? = 8.67, df = 1 (P = 0.003); I? = 88% 
Test for overall effect: Z = 1.15 (P = 0.25) 


Total (95% Cl) 369 369 100.0% -0.66 [-0.87, -0.45] > 

Heterogeneity: Tau? = 0.09; Chi? = 31.75, df = 18 (P = 0.02); |? = 43% GB 4 ó $ 1 
Test for overall effect: Z = 6.14 (P « 0.00001) Favours face mask Favours no face mask 
Test for subgroup differences: Chi? = 0.02, df = 2 (P = 0.99), I? = 0% 


(b) 


Face mask No face mask Mean Difference Mean Difference 
Study or Subgroup Mean [mmHg] SD [mmHg] Total Mean [mmHg] SD [mmHg] Total Weight IV, Random, 95% CI IV, Random, 95% CI 
1.4.1 Surgical mask 
Ade et al. 2021 [39] 118 10 5 129 12 5 1.5% -11.00 [-24.69, 2.69] 
Doherty et al. 2021 [37] 114.6 8.05 12 114.38 7:427 12 6.6% 0.22 [-5.88, 6.32] === 
Fikenzer et al. 2020 [3] 116 23.7 12 107 20.5 12 0.996 9.00 [-8.73, 26.73] 
Mapelli et al. 2021 [43] 115 3 12 118 3 12 25.396 -3.00 [-5.40, -0.60] We 
Rudi et al. 2021 [59] 79.1 7.5 20 84 6.7 20 11.3% -4.90 [-9.31, -0.49] ae EE 
Zhang et al. 2021 [48] 112.2 11 71 115.7 9.75 71 16.55 -3.50 [-6.92, -0.08] ==] 
Subtotal (95% CI) 132 132 62.0% -3.17 [-4.87, -1.47] > 


Heterogeneity: Tau? = 0.00; Chi? = 4.90, df = 5 (P = 0.43); I? = 0% 
Test for overall effect: Z = 3.65 (P = 0.0003) 


1.4.2 FFP2/N95 


Ade et al. 2021 [39] 114 11 5 129 12 5 1.3% -15.00 [-29.27, -0.73] 
Fikenzer et al. 2020 [3] 116 23.2 12 107 20.5 12 0.9% 9.00 [-8.52, 26.52] 
Mapelli et al. 2021 [43] 114 3 12 118 3 12 25.396 -4.00 [-6.40, -1.60] — 
Rudi et al. 2021 [59] 77.3 8.2 20 84 6.7 20 10.4% -6.70 [-11.34, -2.06] — 
Subtotal (95% Cl) 49 49 38.0% -5.10 [-9.27, -0.94] < 


Heterogeneity: Tau? = 7.17; Chi? = 5.38, df = 3 (P = 0.15); I? = 44% 
Test for overall effect: Z = 2.40 (P = 0.02) 


Total (95% CI) 181 181 100.0% -3.79 [-5.46, -2.12] > 
Heterogeneity: Tau? = 1.38; Chi? = 11.37, df = 9 (P = 0.25); I? = 21% 
Test for overall effect: Z = 4.44 (P < 0.00001) 

Test for subgroup differences: Chi? = 0.71, df = 1 (P = 0.40), I? = 0% 


1 + + + 
-20 -10 D 10 20 
Favours face mask Favours no face mask 


Fig. 3 Pooled analysis on the effect of face masks on a VO,, b PetO,, FFP2 filtering facepiece 2, N95 N95 respirator, PetO, end-tidal oxy- 
and c SpO,. Effects for the subgroups are based on the grouping vari- gen partial pressure, SpO, oxygen saturation, VO, oxygen uptake, 
ables of different types (surgical mask vs FFP2/N95 vs cloth mask). WRVT work rate at the ventilatory threshold 
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(c) 

Face mask No face mask Mean Difference Mean Difference 
Study or Subgroup Mean [%] SD [%] Total Mean [%] SD [%] Total Weight IV, Random, 95% CI IV, Random, 95% CI 
1.5.1 Surgical mask 
Ade et al. 2021 [39] 97 1 5 98 1 5 1.9% -1.00 [-2.24, 0.24] — 
Akgul et al. 2021 [49] 97.02 0.09 30 97.93 0.1 30 4.5% -0.91 [-0.96, -0.86] * 
Alkan et al. 2021 (18-25y) [50] 96.31 2.78 13 97 1.87 13 1.2% -0.69 [-2.51, 1.13] — 
Alkan et al. 2021 (45-64y) [50] 97.15 1.21 13 97.15 0.69 13 3.0% 0.00 [-0.76, 0.76] a 
Bar-on et al. 2021 (Brisk walk) [52] 96.71 0.94 21 98.25 0.85 21 3.6% -1.54 [-2.08, -1.00] == 
Cabanillas-Barea et al. 2021 [25] 94.88 8.22 50 95.88 4.74 50 0.6% -1.00 [-3.63, 1.63] v 
Dirol et al. 2021 [13] 97.56 0.92 100 97.8 0.86 100 4.2% -0.24 [-0.49, 0.01] | 
Doherty et al. 2021 [37] 98.54 0.73 12 98.67 1.29 12 2.8% -0.13 [-0.97, 0.71] = 
Epstein et al. 2021 [14] 97.69 1.62 16 98.13 1.09 16 2.5% -0.44 [-1.40, 0.52] FI? 
Fukushi et al. 2021 [36] 96 0.93 24 95.25 2.4 24 2.3% 0.75 [-0.28, 1.78] T-— 
Hoffmann et al. 2021 [31] 96.9 LI 14 96.9 1.4 38 3.1% 0.00 [-0.73, 0.73] x imm 
Hua et al. 2021 [35] 95.2 1.13 23 96.4 0.89 23 3.4% -1.20 [-1.79, -0.61] EET 
Låssing et al. 2020 [42] 95.32 0.83 14 95.22 0.71 14 3.596 0.10 [-0.47, 0.67] T^ 
Mapelli et al. 2021 [43] 96.5 1.2 12 97.3 1.2 12 2.5% -0.80 [-1.76, 0.16] =), 
Ng et al. 2022 [53] 90 6 8 92 3 8 0.2% -2.00 [-6.65, 2.65] —. 
Pimenta et al. 2021 [60] 92.5 3.9 12 94.5 2.7 12 0.6% -2.00 [-4.68, 0.68] Tike 
Poon et al. 2021 [44] 97 1.4 13 97.5 0.8 13 2.7% -0.50 [-1.38, 0.38] T 
Shaw et al. 2020 [45] 96 3 14 96 4 14 0.6% 0.00 [-2.62, 2.62] ——=. 
Shaw et al. 2021 [28] 88.38 6.01 26 88.86 5.92 26 0.4% -0.48 [-3.72, 2.76] 
Steinhilber et al. 2022 (130 W) [54] 97.42 3.38 39 97.3 3.74 39 1.4% 0.12 [-1.46, 1.70] —T— 
Steinhilber et al. 2022 (150 W) [54] 98.11 3.02 39 97.45 4.84 39 1.296 0.66 [-1.13, 2.45] —*—— 
Tornero-Aguilera et al. 2021 (400m) [34] 96.7 3.06 72 98.1 1.31 72 3.0% -1.40 [-2.17, -0.63] = 
Tornero-Aguilera et al. 2021 (50m) [34] 95.2 6.02 72 97.8 1.49 72 1.6% -2.60 [-4.03, -1.17] — 
Zhang et al. 2021 [48] 95.3 9.25 71 95.3 8.72 71 0.5% 0.00 [-2.96, 2.96] 
Subtotal (95% Cl) 713 737 51.3% -0.59 [-0.87, -0.30] + 
Heterogeneity: Tau? = 0.21; Chi? = 83.87, df = 23 (P < 0.00001); I? = 7396 
Test for overall effect: Z = 4.05 (P < 0.0001) 
1.5.2 FFP2/N95 
Ade et al. 2021 [39] 98 1 5 98 1 5 1.9% 0.00 [-1.24, 1.24] — 
Cabanillas-Barea et al. 2021 [25] 96.94 2.6 50 95.88 4.74 50 1.5% 1.06 [-0.44, 2.56] be ee ee 
Epstein et al. 2021 [14] 97.63 1.26 16 98.13 1.09 16 2.8% -0.50 [-1.32, 0.32] TET 
Goh et al. 2019 [29] 99.2 0.65 106 99.2 0.81 106 4.3% 0.00 [-0.20, 0.20] T 
Hua et al. 2021 [35] 94.5 1.34 23 96.4 0.89 23 3.2% -1.90 [-2.56, -1.24] = 
Kampert et al. 2021 [18] 93.4 4.1 20 96.2 337 20 0.7% -2.80 [-5.22, -0.38] 
Kim et al. 2013 [15] 97.7 1.3 20 97.8 1 20 3.1% -0.10 [-0.82, 0.62] a 
Kim et al. 2016 [56] 97.8 0.6 12 97.9 1.1 12 3.1% -0.10 [-0.81, 0.61] a= 
Mapelli et al. 2021 [43] 95.1 3.1 12 97.3 1,2 12 1.1% -2.20 [-4.08, -0.32] — 
Pimenta et al. 2021 [60] 91.3 4 12 94.5 2.7 12 0.6% -3.20 [-5.93, -0.47] 
Roberge et al. 2010 (1.7 m/h) [58] 98.1 0.9 10 98.5 0.8 10 3.0% -0.40 [-1.15, 0.35] —ETD 
Roberge et al. 2010 (2.5 m/h) [58] 98.4 0.7 10 98.5 0.8 10 3.2% -0.10 [-0.76, 0.56] = 
Rosa et al. 2021 (High intensity) [33] 96.7 1.6 17 96.8 1.3 17 2.4% -0.10 [-1.08, 0.88] CM 
Rosa et al. 2021 (Moderate intensity) [33] 97 1.4 17 97.4 1:5 17 2.496 -0.40 [-1.38, 0.58] —- 
Steinhilber et al. 2022 (130 W) [54] 98.29 2.94 39 97.3 3.74 39 1.5% 0.99 [-0.50, 2.48] +—— 
Steinhilber et al. 2022 (150 W) [54] 98.66 2.17 39 97.45 4.84 39 1.3%  121[-0.45,2.87] + 
Subtotal (95% Cl) 408 408 36.4% -0.35 [-0.75, 0.05] * 
Heterogeneity: Tau? = 0.38; Chi? = 52.14, df = 15 (P < 0.00001); I? = 71% 
Test for overall effect: Z = 1.71 (P = 0.09) 
1.5.3 Cloth mask 
Doherty et al. 2021 [37] 98.33 1.64 12 98.67 1.29 12 2.096 -0.34 [-1.52, 0.84] "së 
Driver et al. 2021 [12] 93.4 3. 31 95.1 2.4 31 1.7% -1.70 [-3.08, -0.32] —P 
Fukushi et al. 2021 [36] 96 2.4 24 96.5 2.4 24 1.7% -0.50 [-1.86, 0.86] er 
Hoffmann et al. 2021 [31] 97 1.5 24 96.9 1.4 38 3.0% 0.10 [-0.65, 0.85] —— 
Kampert et al. 2021 [18] 92.9 3.8 20 96.2 8.7 20 0.8% -3.30 [-5.62, -0.98] 
Shaw et al. 2020 [45] 95 3 14 96 4 14 0.6% -1.00 [-3.62, 1.62] [ 
Steinhilber et al. 2022 (130 W) [54] 97.9 4.03 39 97.3 3.74 39 1.296 0.60 [-1.13, 2.33] 
Steinhilber et al. 2022 (150 W) [54] 98.18 2.71 39 97.45 4.84 39 1.296 0.73 [-1.01, 2.47] = 
Subtotal (95% Cl) 203 217 12.3% -0.50 [-1.23, 0.24] ds 
Heterogeneity: Tau? = 0.52; Chi? = 14.18, df = 7 (P = 0.05); I? = 51% 
Test for overall effect: Z = 1.32 (P = 0.19) 
Total (95% Cl) 1324 1362 100.0% -0.48 [-0.71, -0.26] + 
Heterogeneity: Tau? = 0.30; Chi? = 227.10, df = 47 (P < 0.00001); I? = 79% Co + Ó t To 


Test for overall effect: Z = 4.17 (P < 0.0001) 
Test for subgroup differences: Chi? = 0.88, df = 2 (P = 0.64), I? = 0% 


Fig.3 (continued) 


3.4 Psychological Outcomes 


For the psychological outcomes, RPE was the most com- 
monly used scale reported in 27 studies [12, 14, 18, 27, 28, 
30-34, 36, 38, 41, 42, 44—48, 51, 52, 54, 56—60]. Two stud- 
ies were excluded because of the unavailability of raw data 
[27, 48]. The RPE was significantly higher in those wear- 
ing surgical masks (SMD 0.36, 95% CI 0.21-0.52; p < 0.01; 
P =30%), while no effect was observed in those with FFP2/ 


Favours face mask Favours no face mask 


N95 respirators (p =0.06) or cloth masks (p 20.21), as 
shown in Fig. 5a. Additionally, 14 studies reported on dysp- 
nea [12, 25, 37-39, 43, 48, 50, 52—56, 60], five reported on 
fatigue level [3, 18, 40, 41, 47], and six reported on ther- 
mal sensation [3, 18, 40, 47, 56, 57]. This meta-analysis 
establishes that wearing face masks during exercise results 
in significantly higher dyspnea (SMD 0.72), fatigue level 
(MD 1.34), and thermal sensation (SMD 0.67) in partici- 
pants (Fig. 5b-d). In addition, as shown in Table 2, similar 
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(a) 
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Face mask No face mask Std. Mean Difference Std. Mean Difference 
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI 
1.6.1 Surgical mask 
Egger et al. 2021 [30] 49.7 13.8 16 70.6 Zu 16 11.9% -1.82 [-2.66, -0.98] — — 
Lássing et al. 2020 [42] 2,575 310 14 2,685 278 14 13.696 -0.36 [- 1.11, 0.39] — 
Mapelli et al. 2021 [43] 2,217 691 12 2,578 763 12 12.4% -0.48 [-1.29, 0.33] — r 
Umutlu G et al. 2021 [26] 13.77 2.74 14 15.67 1.72 14 13.1% -0.81 [-1.58, -0.03] — 
Zhang et al. 2021 [48] 1,873 578.7 71 2,169.9 627.8 71 23.5% -0.49 [-0.82, -0.16] —— 
Subtotal (95% CI) 127 127 74.5% -0.74 [-1.19, -0.28] E. d 
Heterogeneity: Tau? = 0.14; Chi? = 9.23, df = 4 (P = 0.06); I? = 57% 
Test for overall effect: Z = 3.19 (P = 0.001) 
1.6.2 FFP2/N95 
Egger et al. 2021 [30] 56.3 12.4 16 70.6 7.7 16 13.0% -1.35 [-2.13, -0.57] — 
Mapelli et al. 2021 [43] 2,268 794 12 2,578 763 12 12.5% -0.38 [-1.19, 0.42] == 
Subtotal (95% CI) 28 28 25.5% -0.87 [-1.82, 0.07] —BnÀÀ 
Heterogeneity: Tau? = 0.30; Chi? = 2.85, df = 1 (P = 0.09); I? = 65% 
Test for overall effect: Z = 1.81 (P = 0.07) 
Total (95% Cl) 155 155 100.0% -0.77 [-1.15, -0.39] E 
Heterogeneity: Tau? = 0.13; Chi? = 12.74, df = 6 (P = 0.05); I? = 53% e + ó j 7 
Test for overall effect: Z = 3.97 (P < 0.0001) Favours facemask: Favours-no facemask 
Test for subgroup differences: Chi? = 0.07, df = 1 (P = 0.80), I? = 0% 

(b) 
Face mask No face mask Mean Difference Mean Difference 
Study or Subgroup Mean [mmHg] SD [mmHg] Total Mean [mmHg] SD [mmHg] Total Weight IV, Random, 95% Cl IV, Random, 95% CI 
1.7.1 Surgical mask 
Ade et al. 2021 [39] 37 7 5 29 9 5 0.8% 8.00 [-1.99, 17.99 —] 
Bar-on et al. 2021 (Brisk walk) [52] 42.41 1.59 21 39.7 2.29 21 9.496 2.71 [1.52, 3.90 E 
Dirol et al. 2021 [13] 38.73 3.22 100 37.21 3.33 100 10.1% 1.52 [0.61, 2.43 + 
Doherty et al. 2021 [37] 38.79 5.16 12 39.5 4.93 12 3.6% -0.71 [-4.75, 3.33 — 
Epstein et al. 2021 [14] 40.19 3.99 16 36.31 4.83 16 5.0% 3.88 [0.81, 6.95 —sq.—— 
Mapelli et al. 2021 [43] 35.13 3.09 12 33.04 4.28 12 5.1% 2.09 [-0.90, 5.08 = 
Rudi et al. 2021 [59] 33.3 4 20 29 3.1 20 6.8% 4.30 [2.08, 6.52 —— 
Shui et al. 2022 [55] 46.8 38 12 45.9 3.7 12 5.1%  0.90[-2.10, 3.90 = 
Zhang et al. 2021 [48] 41.6 102 11 38.8 9.7 11 1.1% 2.80 [-5.52, 11.12 — 
Subtotal (95% Cl) 209 209 47.0% 2.32 [1.38, 3.26] * 
Heterogeneity: Tau? = 0.52; Chi? = 11.46, df = 8 (P = 0.18); I? = 30% 
Test for overall effect: Z = 4.85 (P < 0.00001) 
1.7.2 FFP2/N95 
Ade et al. 2021 [39] 39 z 5 29 9 5 0.8% 10.00 [0.01, 19.99 
Epstein et al. 2021 [14] 43.31 3.96 16 36.31 4.83 16 5.0% 7.00 [3.94, 10.06 —— 
Goh et al. 2019 [29] 32 2.8 106 28.2 2.8 106 10.4% 3.80 [3.05, 4.55 = 
Kim et al. 2013 [15] 42.7 33 20 39.7 3.8 20 6.8% 3.00 [0.79, 5.21 — 
Kim et al. 2016 [56] 41.3 24 12 40.9 24 12 7.5% 0.40[-1.52, 2.32 > 
Mapelli et al. 2021 [43] 36.26 3.94 12 33.04 4.28 12 4.6% 3.22 [-0.07, 6.51 SE 
Roberge et al. 2010 (1.7 m/h) [58] 39.7 6 10 40.7 3.5 10 3.2% -1.00 [-5.31, 3.31 — 
Roberge et al. 2010 (2.5 m/h) [58] 42 56 10 40.8 32 10 36% 1.20[-2.80, 5.20 === 
Rudi et al. 2021 [59] 35.8 4.9 20 29 3.1 20 6.0% 6.80 [4.26, 9.34 —h 
Shui et al. 2022 [55] 49.7 4.1 12 45.9 8.7 12 4.9% 3.80 [0.68, 6.92 — 
Subtotal (95% Cl) 223 223 53.0% 3.44 [1.96, 4.91] E 
Heterogeneity: Tau? = 3.21; Chi? = 29.44, df = 9 (P = 0.0005); I? = 69% 
Test for overall effect: Z = 4.58 (P < 0.00001) 
Total (95% CI) 432 432 100.0% 2.93 [2.01, 3.86 + 
itus 3 . p. Fr "Pa 

Heterogeneity: Tau? = 1.97; Chi? = 51.03, df = 18 (P < 0.0001); I? = 65% "20 Sp Š 15 2d 


Test for overall effect: Z = 6.24 (P « 0.00001) 
Test for subgroup differences: Chi? = 1.57, df = 1(P = 0.21), I? = 36.3% 


Fig.4 Pooled analysis on the effect of face masks on a VCO, and b 
PetCO,. Effects for the subgroups are based on the grouping variables 
of different types (surgical mask vs FFP2/N95 vs cloth mask). FFP2 


results were observed for the sub-group analysis in terms of 
exercise type. The results remained consistent for both RPE 
and thermal sensation after removing either the studies with 
a high risk of bias or those including children. 


3.5 Exercise Performance 


A total of 25 studies evaluated exercise performance, and 
23 studies were included in the meta-analysis, as data were 
unavailable for two studies [27, 39]. Most studies used 
power output (n = 13) [3, 28, 30, 41-43, 45, 48, 51, 53-55, 


Favours face mask Favours no face mask 


filtering facepiece 2, N95 N95 respirator, PetCO, end-tidal carbon 
dioxide partial pressure, VCO, carbon dioxide production 


59], while others used test duration (n= 6) [12, 14, 18, 32, 
50, 60], exercise speed (n — 2) [34, 35], and exercise dis- 
tance (n 22) [13, 25]. WebPlotDigitizer was used for data 
extraction from one study [55]. In the meta-analysis, sig- 
nificant reductions were observed in exercise performance 
between those wearing and those not wearing face masks 
(SMD — 0.23, 95% CI — 0.41 to — 0.04; p 0.02, P — 779), 
as shown in Fig. 6. In the sub-group analysis, a significant 
decrease was noted in those wearing FFP2/N95 respirators 
(SMD — 0.42, 95% CI — 0.76 to — 0.08; p=0.02, P — 7296), 
whereas no change was noted in those wearing surgical 
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Mean SD Total Mean 


No face mask 
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Std. Mean 


Difference 
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Std. Mean Difference 
IV, Random, 95% CI 


1.8.1 Surgical mask 


Bar-on et al. 2021 (Brisk walk) [52] 4.3 1.6 21 3.1 
Bar-on et al. 2021 (Slow walk) [52] 1.8 0.94 21 1.3 
Boldrini et al. 2020 [38] 6.2 1.3 25 6 
Egger et al. 2021 [30] 7. 1.6 16 6.6 
Epstein et al. 2021 [14] 10 0.01 16 10 
Fukushi et al. 2021 [36] 6 1.93 24 5 
Hoffmann et al. 2021 [31] 15.3 1.6 14 12.9 
Lássing et al. 2020 [42] 6.9 1.1 14 6.6 
Li et al. 2021 (Females) [41] 17.2 1.3 5 17.4 
Li et al. 2021 (Males) [41] 17 173 5 17.8 
Otsuka et al. 2020 [51] 6.3 2.2 6 5 
Pimenta et al. 2021 [60] 16.4 2.4 12 15.3 
Poon et al. 2021 [44] 15.5 1.5 13 14.2 
Roberge et al. 2012 [57] 11.2 1.7 20 10.6 
Rudi et al. 2021 [59] 14.5 2.7 20 142 
Shaw et al. 2020 [45] 9.9 0.4 14 9.9 
Shaw et al. 2021 (Female) [28] 6.64 3.02 5 4.83 
Shaw et al. 2021 (Male) [28] 7.17 1.47 21 7.07 
Steinhilber et al. 2022 (130 W) [54] 3.8 1.67 39 3.51 
Steinhilber et al. 2022 (150 W) [54] 4.87 1.7 39 4.47 
Tornero-Aguilera et al. 2021 (400m) [34] 18.7 1.65 72 17.5 
Tornero-Aguilera et al. 2021 (50m) [34] 13.4 2.9 72 137 
Wong et al. 2020 [46] 12.7 2,1 23 10.8 
Yoshihara et al. 2021 [47] 12.3 2.5 12 11.7 


Subtotal (95% CI) 529 
Heterogeneity: Tau? = 0.04; Chi? = 33.08, df = 23 (P = 0.08); I? = 3096 
Test for overall effect: Z = 4.57 (P « 0.00001) 


1.8.2 FFP2/N95 

Egger et al. 2021 [30] 6.9 1:5 16 6.6 
Epstein et al. 2021 [14] 10 0.01 16 10 
Kampert et al. 2021 [18] 9.5 0.8 20 9.6 


Kim et al. 2016 [56] 9.9 2.1 12 9.3 


Pimenta et al. 2021 [60] 17.1 2.4 12 15.3 
Roberge et al. 2010 (1.7 m/h) [58] 0.83 1.3 10 0.5 
Roberge et al. 2010 (2.5 m/h) [58] 1.11 1.3 10 1.05 
Rosa et al. 2021 (High intensity) [33] 8.41 1 17 8.2 


Rosa et al. 2021 (Moderate intensity) [33] 8.4 1.4 17 8.1 
Rudi et al. 2021 [59] 15.2 2.6 20 14.2 
Steinhilber et al. 2022 (130 W) [54] 3.59 1.83 39 3.51 
Steinhilber et al. 2022 (150 W) [54] 4.59 1.83 39 4.47 
Yoshihara et al. 2021 [47] 12.3 2.8 12 117 
Subtotal (95% CI) 240 


Heterogeneity: Tau? = 0.00; Chi? = 4.92, df = 12 (P = 0.96); I? = 0% 
Test for overall effect: Z = 1.85 (P = 0.06) 


1.8.3 Cloth mask 


Dantas et al. 2021 [32] 49.14 22.59 10 33.62 
Driver et al. 2021 [12] 16.9 3 30 16.8 
Fukushi et al. 2021 [36] 6.5 2.05 24 5 
Hoffmann et al. 2021 [31] 14.6 1:5 24 12.9 
Kampert et al. 2021 [18] 9.3 1 20 9.6 
Shaw et al. 2020 [45] 9.7 0.6 14 9.9 
Steinhilber et al. 2022 (130 W) [54] 3.42 1.39 39 3.51 
Steinhilber et al. 2022 (150 W) [54] 4.51 1.66 39 4.47 
Subtotal (95% CI) 200 


Heterogeneity: Tau? = 0.16; Chi? = 20.40, df = 7 (P = 0.005); I? = 66% 
Test for overall effect: Z = 1.25 (P = 0.21) 


Total (95% Cl) 969 
Heterogeneity: Tau? = 0.04; Chi? = 61.76, df = 44 (P = 0.04); I? = 29% 
Test for overall effect: Z = 4.98 (P < 0.00001) 

Test for subgroup differences: Chi? = 2.59, df = 2 (P = 0.27), I? = 22.8% 
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Fig.5 Pooled analysis on the effect of face masks on psychological 
perceptual response: a RPE, b dyspnea, c fatigue level, and d thermal 
sensation. Effects for the subgroups are based on the grouping vari- 
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(b) 
Face mask No face mask Std. Mean Difference Std. Mean Difference 
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI 
1.9.1 Surgical mask 
Ade et al. 2021 [39] 10.96 0.87 11 9.19 0.8 11 2.496 2.04 [0.97, 3.11 
Alkan et al. 2021 (18-25y) [50] 6.15 1.68 13 5.23 1.74 13 3.6% 0.52 [-0.26, 1.30 = 
Alkan et al. 2021 (45-64y) [50] 5.38 2.36 13 5.38 2.29 13 3.7% 0.00 [-0.77, 0.77 =a 
Boldrini et al. 2020 [38] 5.7 2 25 46 2.3 25 5.0% 0.50 [-0.06, 1.07 — 
Cabanillas-Barea et al. 2021 [25] 2.48 1.71 50 1.54 1.69 50 6.3% 0.55 [0.15, 0.95 -r= 
Doherty et al. 2021 [37] 1.32 152 12 1.22 1.14 12 3.596 0.07 [-0.73, 0.87 === 
Ng et al. 2022 [53] 97 07 8 9.8 0.5 8 2.7% -0.16 [-1.14, 0.83 —= 1 eme 
Pimenta et al. 2021 [60] 6.8 1.9 12 57 7 12 3.496 0.59 [-0.23, 1.41 <= 
Shui et al. 2022 [55] 6.4 1.83 12 3.06 1.64 12 2.7% 1.86 [0.87, 2.84 —5Ñ— 
Steinhilber et al. 2022 (130 W) [54] 3.89 1.7 39 3.19 1.52 39 5.996 0.43 [-0.02, 0.88 FS 
Steinhilber et al. 2022 (150 W) [54] 5.12 1.92 39 3.97 1.71 39 5.8% 0.63 [0.17, 1.08 == 
Zhang et al. 2021 [48] 5.69 1.62 71 4.78 1.72 71 6.8% 0.54 [0.21, 0.88 — 
Subtotal (95% CI) 305 305 51.6% 0.56 [0.32, 0.80] € 
Heterogeneity: Tau? = 0.07; Chi? = 19.95, df = 11 (P = 0.05); I? = 45% 
Test for overall effect: Z = 4.59 (P < 0.00001) 
1.9.2 FFP2/N95 
Ade et al. 2021 [39] 12.92 0.92 11 9.19 0.8 11 1.396 4.16 [2.57, 5.76] — p 
Cabanillas-Barea et al. 2021 [25] 3.52 1.97 50 1.54 1.69 50 6.1% 1.07 [0.65, 1.49] = 
Kim et al. 2016 [56] 2.2 0.6 12 17 0.8 12 3.4% 0.68 [-0.14, 1.51] E 
Pimenta et al. 2021 [60] 76 15 12 57 17 12 3.1% 1.14 [0.27, 2.02] [= 
Shui et al. 2022 [55] 6.82 2.19 12 3.06 1.64 12 2.7% 1.88 [0.89, 2.87] ——— 
Steinhilber et al. 2022 (130 W) [54] 4.3 1.92 39 3.19 1.52 39 5.896 0.63 [0.18, 1.09] = 
Steinhilber et al. 2022 (150 W) [54] 5.34 1.95 39 3.97 1.71 39 5.896 0.74 [0.28, 1.20] —— 
Subtotal (95% CI) 175 175 28.196 1.18 [0.69, 1.67] E 
Heterogeneity: Tau? = 0.28; Chi? = 22.51, df = 6 (P = 0.0010); I? = 73% 
Test for overall effect: Z = 4.75 (P « 0.00001) 
1.9.3 Cloth mask 
Doherty et al. 2021 [37] 2.06 1.36 12 1.22 1.14 12 3.496 0.65 [-0.18, 1.47] E 
Driver et al. 2021 [12] 72 2.9 30 5.5 23 30 5.396 0.64 [0.12, 1.16] — 
Steinhilber et al. 2022 (130 W) [54] 3.96 1.59 39 3.19 1.52 39 5.8% 0.49 [0.04, 0.94] — 
Steinhilber et al. 2022 (150 W) [54] 5.12 1.83 39 3.97 1.71 39 5.8% 0.64 [0.19, 1.10] = 
Subtotal (95% CI) 120 120 20.3% 0.59 [0.33, 0.85] Q 
Heterogeneity: Tau? = 0.00; Chi? = 0.29, df = 3 (P = 0.96); I? = 096 
Test for overall effect: Z = 4.48 (P < 0.00001) 
Total (95% CI) 600 600 100.0% 0.72 [0.53, 0.92] * 
Heterogeneity: Tau? = 0.12; Chi? = 51.74, df = 22 (P = 0.0003); I? = 57% + 5 ó $ i 


Test for overall effect: Z = 7.27 (P < 0.00001) 
Test for subgroup differences: Chi? = 5.30, df = 2 (P = 0.07), I? = 62.296 


(c) 
Face mask No face mask 

Study or Subgroup Mean SD Total Mean SD Total 
1.10.1 Surgical mask 

Fikenzer et al. 2020 [3] 5.8 2.5 12 2.4. 22 12 
Kato et al. 2021 [40] 6.27 3.03 12 5.85 2.93 12 
Li et al. 2021 (Females) [41] 4.8 1.64 5 4.2 0.84 5 
Li et al. 2021 (Males) [41] 4.8 0.84 5 4.8 0.45 5 
Yoshihara et al. 2021 [47] 2:9. 251 12 2.3 1.6 12 
Subtotal (95% CI) 46 46 


Heterogeneity: Tau? = 0.70; Chi? = 8.85, df = 4 (P = 0.06); I? = 55% 
Test for overall effect: Z = 1.40 (P = 0.16) 


1.10.2 FFP2/N95 


Fikenzer et al. 2020 [3] 6.5 2.6 12 2.7 2.2 12 
Kampert et al. 2021 [18] 7.5 3 20 48 3.7 20 
Yoshihara et al. 2021 [47] 3.2 1.8 12 23 1.6 12 
Subtotal (95% Cl) 44 44 


Heterogeneity: Tau? = 1.75; Chi? = 6.28, df = 2 (P = 0.04); I? = 68% 
Test for overall effect: Z = 2.54 (P = 0.01) 
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Test for subgroup differences: Chi? = 2.35, df = 1 (P = 0.13), I? = 57.5% 
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(d) 


Study or Subgroup 
1.11.1 Surgical mask 


No face mask 
SD Total Weight 


Face mask 
Mean SD Total Mean 


Fikenzer et al. 2020 [3] 4.2 2.4 12 2 13 12 13.5% 
Kato et al. 2021 [40] 9.2 2.16 12 8.11 1.76 12 14.396 
Roberge et al. 2012 [57] 6.31 0.79 20 6.2 0.85 20 17.9% 
Yoshihara et al. 2021 [47] 6 07 12 5.8 0.4 12 14.596 
Subtotal (95% CI) 56 56 60.2% 
Heterogeneity: Tau? = 0.01; Chi? = 3.28, df = 3 (P = 0.35); I? = 8% 

Test for overall effect: Z = 2.24 (P = 0.02) 

1.11.2 FFP2/N95 

Fikenzer et al. 2020 [3] 62 23 12 2. 13 12 11.096 
Kim et al. 2016 [56] 6.6 0.5 12 6.4 0.5 12 14.596 
Yoshihara et al. 2021 [47] 6.1 0.7 12 5.8 0.4 12 14.396 
Subtotal (95% CI) 36 36 39.8% 
Heterogeneity: Tau? = 0.62; Chi? = 8.08, df = 2 (P = 0.02); I? = 7596 

Test for overall effect: Z = 1.86 (P = 0.06) 

Total (9596 CI) 92 92 100.0% 


Heterogeneity: Tau? = 0.19; Chi? = 12.89, df = 6 (P = 0.04); I? = 53% 
Test for overall effect: Z = 2.90 (P = 0.004) 
Test for subgroup differences: Chi? = 0.84, df = 1 (P = 0.36), I? = 096 
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masks (p = 0.38) or cloth masks (p —0.07). Furthermore, 
when only a progressive exercise test was included, a 
significant decrease was found in exercise performance 
(p « 0.01), as shown in Table 2. For the sensitivity analy- 
ses, either a study with a high risk of bias [51] or a study 
that examined children [28] was removed, but the results 
remained consistent. 


3.6 Risk of Bias and Publication Bias 


RoB 2 and its additional considerations for crossover trials 
were employed to assess each publication's risk of bias. The 
details are presented in Table S2 (see ESM). In summary, 
six studies exhibited a low risk of bias [3, 25, 28, 29, 39, 62], 
33 exhibited some concerns, and six exhibited a high risk of 
bias [37, 46, 51, 52, 57, 58]. Studies exhibited a high risk of 
bias mainly due to bias arising from period and carryover 
effects and missing outcome data. The publication biases of 
eight outcomes, namely exercise performance, heart rate, 
VO,, saturation, PetCO,, RPE, respiratory rate, and VE, are 
shown in Fig. S3 (see ESM). 


4 Discussion 


To our knowledge, this is the first systematic review and 
meta-analysis to examine the effects of wearing a mask dur- 
ing exercise on both physiological and psychological param- 
eters in healthy individuals. The results of our systematic 
review revealed that wearing face masks during exercise 
negatively affected certain physiological outcomes (e.g., 
VO», PetO,, SpO,, VCO,, and PetCO,) and psychological 
variables (e.g., RPE, dyspnea, fatigue level, and thermal 


Std. Mean Difference 
IV, Random, 95% CI 


145 


Std. Mean Difference 
IV, Random, 95% CI 


1.10 [0.23, 1.97] ——— 
0.53 [-0.28, 1.35] St 
0.13 [-0.49, 0.75] > 
0.34 [-0.47, 1.15] a 
0.46 [0.06, 0.85] > 
2.17 [1.13, 3.22] — 
0.39 [-0.42, 1.20] ——— 
0.51 [-0.31, 1.32] FE 
0.97 [-0.05, 2.00] amt 
0.67 [0.22, 1.12] < 
i i i 1 
-4 -2 0 2 4 


Favours face mask Favours no face mask 


sensation), while a small effect was observed on exercise 
performance. 

There was no significant change in heart rate when a 
mask was worn during exercise, which is consistent with 
the results of two previous systematic reviews [16, 17]. The 
sub-group analysis revealed no effect on heart rate dur- 
ing progressive exercise tests. As heart rate was measured 
at the end of exercise, the present review results suggest 
that wearing a face mask has a limited effect on maximum 
heart rate during exercise. Interestingly, when performing 
steady-state exercise, a significant increase in heart rate was 
observed; however, it should be noted that the increased 
value was limited to 2.7 bpm. Moreover, Shaw et al. reported 
a higher mean heart rate (2 bpm) in those who used FFP2/ 
N95 respirators during exercise [16]. However, no effect was 
observed secondary to the use of any mask in the current 
review. This may be explained by the different population 
groups involved in the previous study. Specifically, the previ- 
ous meta-analysis included heterogeneous populations (e.g., 
patients and healthy adults) [16], while only healthy popula- 
tions were included in the current review. 

The meta-analysis suggests that face masks worn during 
exercise significantly effect gas exchange, such as decreased 
VO,, VCO,, and PetO, and increased PetCO,; these results 
are broadly consistent with those of previous reviews [16, 
17]. According to the sub-group analysis, all abovemen- 
tioned parameters showed similar changes between pro- 
gressive exercise tests and steady-state exercise. Evidence 
from a previous study revealed that a reduction in VO, indi- 
cated a greater exercise efficiency [63]. However, this find- 
ing should be interpreted with caution, as only three trials 
were included in the analysis. A previous study reported 
decreased VO, when wearing a face mask during steady 
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Face mask No face mask Std. Mean Difference Std. Mean Difference 

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI 
1.1.1 Surgical mask 
Alkan et al. 2021 (18-25y) [50] 9.83 1.07 13 10.17 1.13 13 2.196 -0.30 [-1.07, 0.47 
Alkan et al. 2021 (45-64y) [50] 6.88 1.92 13 8.05 1.88 13 2.1% -0.60 [-1.38, 0.19 |" 
Cabanillas-Barea et al. 2021 [25] 707.5 75.83 50 708.25 77.32 50 2.9% -0.01 [-0.40, 0.38 == 
Dirol et al. 2021 [13] 530.7 67.85 100 545.2 71.23 100 3.1% -0.21 [-0.49, 0.07 eT 
Egger et al. 2021 [30] 4.8 0.4 16 5.1 0.5 16 2.396 -0.65 [-1.36, 0.07 Er 
Epstein et al. 2021 [14] 18.3 3.7 16 18.9 3.7 16 2.396 -0.16 [-0.85, 0.54 — 
Fikenzer et al. 2020 [3] 3.3 0.5 12 3.4 0.5 12 2.1% -0.19 [-1.00, 0.61 — 
Hua et al. 2021 [35] 12 0.85 23 14.4 0.78 23 2.0% -2.89 [-3.74, -2.05 — 
Lassing et al. 2020 [42] 202.7 26 14 202.7 26 14 2.2% 0.00 [-0.74, 0.74 —rF 
Li et al. 2021 (Females) [41] 105.6 30 5 107.6 29.25 5 1.4% -0.06 [-1.30, 1.18 
Li et al. 2021 (Males) [41] 184.8 26.81 5 187 28.15 5 1.496 -0.07 [-1.31, 1.17 —T——— 
Mapelli et al. 2021 [43] 187 52 12 194 57 12 2.196 -0.12 [-0.92, 0.68 — 
Ng et al. 2022 [53] 269 56 8 278 56 8 1.8% -0.15 [-1.13, 0.83 — 
Otsuka et al. 2020 [51] 108 37.9 6 104 30.6 6 1.5% 0.11 [-1.03, 1.24 
Pimenta et al. 2021 [60] 17.38 3.37 12 18.42 3.33 12 2.1% -0.30 [-1.11, 0.51 —F, 
Rudi et al. 2021 [59] 219.5 71.9 20 230.5 77.3 20 2.5% -0.14 [-0.77, 0.48 — 
Shaw et al. 2020 [45] 241 57 14 234 56 14 2.2% 0.12 [-0.62, 0.86 = 
Shaw et al. 2021 (Female) [28] 294 101 5 291 100 5 1.4% 0.03 [-1.21, 1.27  —— tss 
Shaw et al. 2021 (Male) [28] 354 101 21 831 101 21 2.596 0.22 [-0.38, 0.83 == 
Shui et al. 2022 [55] 136.71 40.07 12 143.51 39.63 12 2.1% -0.16 [-0.97, 0.64 — m 
Steinhilber et al. 2022 (130 W) [54] 1.84 0.72 39 1.91 0.7 39 2.8% -0.10 [-0.54, 0.35 ——— 
Steinhilber et al. 2022 (150 W) [54] 232 0.81 39 235 0.83 39 2.896 -0.04 [-0.48, 0.41 a 
Tornero-Aguilera et al. 2021 (400m) [34] 89.2 13.9 72 74.9 9.38 72 3.0% 1.20 [0.84, 1.56 = 
Tornero-Aguilera et al. 2021 (50m) [34] 9.62 1.76 72 8.55 0.84 72 3.0% 0.77 [0.43, 1.11 = 
Zhang et al. 2021 [48] 142.9 44.2 71 149.8 46 71 3.096 -0.15 [-0.48, 0.18 år 
Subtotal (95% CI) 670 670 56.7% -0.12 [-0.39, 0.15] E d 
Heterogeneity: Tau? = 0.32; Chi? = 119.27, df = 24 (P < 0.00001); I? = 80% 
Test for overall effect: Z = 0.89 (P = 0.38) 
1.1.2 FFP2/N95 
Cabanillas-Barea et al. 2021 [25] 696.09 81.32 50 708.25 77.32 50 2.996 -0.15 [-0.54, 0.24 "SE 
Egger et al. 2021 [30] 4.9 0.5 16 5.1 0.5 16 2.3% -0.39 [-1.09, 0.31 — 
Epstein et al. 2021 [14] 18.5 3.6 16 18.9 3.7 16 2.3% -0.11 [-0.80, 0.59 — dI 
Fikenzer et al. 2020 [3] 3.22 0.4 12 3.4 0.5 12 2.196 -0.38 [-1.19, 0.43 ST 
Hua et al. 2021 [35] 11.7 0.98 23 14.4 0.78 23 2.0% -3.00 [-3.86, -2.13 
Kampert et al. 2021 [18] 545 141 20 591 145 20 2.5% -0.32 [-0.94, 0.31 — 
Mapelli et al. 2021 [43] 184 54 12 194 57 12 2.1% -0.17 [-0.98, 0.63 — En 
Pimenta et al. 2021 [60] 17.35 3.38 12 18.42 3.33 12 2.196 -0.31 [-1.11, 0.50 — 
Rudi et al. 2021 [59] 213.8 71.3 20 230. 77.3 20 2.5% -0.22 [-0.84, 0.40 — 
Shui et al. 2022 [55] 136.12 34.01 12 143.51 39.63 12 2.1% -0.19 [-1.00, 0.61 — 
Steinhilber et al. 2022 (130 W) [54] 1.74 0.65 39 1.91 0.7 39 2.8% -0.25 [-0.69, 0.20 Press 
Steinhilber et al. 2022 (150 W) [54] 2.28 0.76 39 2.35 0.83 39 2.8% -0.09 [-0.53, 0.36 EX 
Subtotal (95% CI) 271 271 28.4% -0.42 [-0.76, -0.08] K 
Heterogeneity: Tau? = 0.25; Chi? = 39.59, df = 11 (P < 0.0001); I? = 72% 
Test for overall effect: Z = 2.40 (P = 0.02) 
1.1.3 Cloth mask 
Dantas et al. 2021 [32] 4.28 0.27 10 4.5 0.26 10 1.9% -0.79 [-1.71, 0.12] bel D 
Driver et al. 2021 [12] 10.97 2.27 31 12.63 2.28 31 2.796 -0.72 [-1.24, -0.21] — 
Kampert et al. 2021 [18] 548 147 20 591 145 20 2.5% -0.29 [-0.91, 0.33] =e] 
Shaw et al. 2020 [45] 241 51 14 234 56 14 2.2% 0.13 [-0.61, 0.87] ==" 
Steinhilber et al. 2022 (130 W) [54] 1.83 0.7 39 1.91 0.7 39 2.8% -0.11 [-0.56, 0.33] e 
Steinhilber et al. 2022 (150 W) [54] 2.35 0.89 39 2.35 0.83 39 2.896 0.00 [-0.44, 0.44] Ka a 
Subtotal (95% CI) 153 153 14.9% -0.26 [-0.54, 0.02] «| 
Heterogeneity: Tau? = 0.04; Chi? = 7.15, df = 5 (P = 0.21); I? = 30% 
Test for overall effect: Z = 1.81 (P = 0.07) 
Total (95% Cl) 1094 1094 100.0% -0.23 [-0.41, -0.04] * 
Heterogeneity: Tau? = 0.28; Chi? = 180.09, df = 42 (P « 0.00001); I? = 77% + + ó $ i 
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Fig.6 Pooled analysis on the effect of face masks on exercise performance. Effects for the subgroups are based on the grouping variables of dif- 
ferent types (surgical mask vs FFP2/N95 vs cloth mask). FFP2 filtering facepiece 2, N95 N95 respirator 


exercise, and this change was explained by the reduction in 
alveolar ventilation induced by mask wearing, which leads 
to an increase in airway resistance [42]. Similarly, given 
the multiple layers and materials included in the construc- 
tion of face masks, increased inspiratory resistance would 
likely decrease the amount of oxygen inhaled, resulting in a 
reduction in VO, and PetO, [14]. In addition to an increase 
in resistance, an increase in the dead space within the mask 
could lead to a decrease in VCO, and an increase in PetCO, 
[64]. Apart from the abovementioned factors, the dead space 
temperature and humidity were markedly elevated by the 


increased duration of mask use, with exercise leading to an 
additional increase in these factors and resulting in higher 
inspiratory resistance [48, 65]. 

Furthermore, a decrease in pulmonary function was also 
observed in the present review, including a reduction in VE, 
VT, and VE/VCO,. As VT mediates the association between 
VE and VCO, [66], the results are in line with the effect 
of gas exchange. Such reduction is also likely to be caused 
by increased inspiratory resistance, especially during high- 
intensity exercise (e.g., the end of the progressive exercise 
test), as the decremental effects of inspiratory resistance are 
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associated with exercise intensity [67]. Consistently, for the 
sub-group analysis, the reduction in VE and VT was only 
observed in the progressive exercise test, while no difference 
was noted in steady-state exercise. Although these param- 
eters revealed statistical differences between those wearing 
and not wearing face masks, the level of change was lim- 
ited, and most values were still in the normal range, such as 
PetCO, within 35-45 mmHg and VE/VCO, between 20 and 
30. However, the reduction in VE appeared to be relatively 
large (e.g., 14.46 L/min). This may be because the simulta- 
neous wearing of the face mask can lead to gas leakage from 
the spirometry mask used to assess ventilation (1.e., insuf- 
ficient seal to the face skin caused by wearing a face mask), 
especially for FFP2/N95 [68]. Future studies should there- 
fore be aware of the potential biases in data collection when 
a spirometry apparatus is worn over a face mask for gas 
collection purposes, where greater restriction to breathing 
and interference with the expired gas measurement might 
have been imposed. 

The present meta-analysis revealed a significant reduc- 
tion in SpO, with the use of different face masks. The 
reduction in SpO, levels with the use of face masks could 
be owing to the higher PetCO, and the insufficient oxygen 
and carbon dioxide exchange due to CO, rebreathing (back 
into the lungs) [69]. Shaw et al. determined no change in 
SpO, with or without a face mask in 11 studies, while a 
significant reduction was observed only when maximal tests 
were included [16]. The reduction is comparable between 
our systematic review and Shaw et al.’s systematic review, 
i.e., 0.5 versus 0.6% [16]. It should be mentioned that the 
reduction of SpO, may be of minimal clinical relevance, 
as the values in most of the studies are still within the nor- 
mal range of 95-100% [70]. Furthermore, no significant 
effect was observed on exercise performance in the present 
review in the sub-group analysis by either face mask type 
or by exercise type. Overall, our results on most physiologi- 
cal parameters are consistent with the previous systematic 
review and may further suggest that face masks pose only 
modest effects on physiological functions of the body system 
during exercise [16]. 

Four psychological variables were included in this 
review: RPE, dyspnea, fatigue level, and thermal sensation. 
RPE was the most commonly used indicator, and an increase 
in RPE was associated with using a surgical mask and in the 
total effect, which was consistent with the finding of a previ- 
ous review [16]. Previous studies have shown that individu- 
als wearing masks exhibit psychological discomfort, such as 
claustrophobia and dyspnea during exercise at high-intensity 
levels [12, 44]; this was consistent with the results obtained 
in our review. A significant increase was seen in the inci- 
dence of dyspnea among those wearing masks, which could 
partly explain the increase in RPE. Moreover, several studies 
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have reported subjective discomfort associated with the use 
of masks during exercise, which was aggravated when the 
ambient temperature and humidity increased [3, 12, 44]. 
This subjective discomfort is mainly caused by dampening 
and deformation of the mask due to sweating during exer- 
cise, heat, tightness, and breathing resistance. The results 
of the meta-analysis also revealed that both fatigue levels 
and thermal sensation significantly increased when exercise 
was performed with a mask. Furthermore, increased inspira- 
tory resistance and reduced pulmonary function may fur- 
ther exacerbate the subjective discomfort level. A previous 
study reported a significantly higher and clinically relevant 
incidence of dyspnea when wearing a surgical mask during 
exercise, while no effect was noted on distance using the 
6-min walking test [71]. Further, compared with studies on 
physiological outcomes, limited studies have examined the 
effect of wearing a face mask on psychological variables; 
hence, more studies on this topic are warranted. 

The current systematic review involved three types 
of face masks and a consistent pattern of findings was 
observed. For most outcomes, both surgical mask and 
FFP2/N95 respirators reached statistical significance, 
and the difference between FFP2/N95 respirators and no 
mask was generally larger than for surgical masks, such as 
PetCO2, 3.44 vs 2.32 mmHg. This could be explained by 
the difference in inspiratory resistance in the various face 
masks, 1.e., two-fold higher for surgical masks compared 
with no mask (0.58 vs 0.32 kPa/L) [42], which is likely 
even higher for FFP2 masks [3]. Interestingly, our results 
revealed only a small difference in exercise performance 
for wearing face masks. Our data suggest that face masks 
could be worn during exercise with limited influence on 
performance. From a practical perspective, however, both 
surgical and cloth masks are widely recommended and 
used in daily life, whereas FFP2/N95 respirators are more 
commonly used in clinical settings [72]. Additionally, 
the WHO suggests that masks not be used during high- 
intensity exercise [73], which contrasts with the Centers 
for Disease Control's recommendations [74]. Only pro- 
gressive exercise test was observed for significant effect 
when considering the exercise type, while limited studies 
examined the effects of steady-state exercise on exercise 
performance. Given the heavy spread of viruses in indoor 
exercise facilities, healthy individuals might consider 
wearing a face mask for protective purposes, even when 
high-intensity exercise is performed [74]. Nevertheless, 
healthcare professionals should cautiously evaluate each 
person's ability to exercise while wearing a mask and con- 
sider adjusting the prescription if appropriate (e.g., during 
exercise in a hot and humid environment). 

The present systematic review included a compre- 
hensive search strategy for both physiological and 


148 


psychological outcomes with three types of face masks 
(i.e., surgical mask, cloth mask, and FFP2/N95 respira- 
tors) that are commonly used by the public. In total, 45 
studies were included in the systematic review, provid- 
ing useful information for formulating appropriate health 
care policies and optimizing exercise recommendations 
for the public during the COVID-19 pandemic. Despite 
these strengths, the present review had certain limita- 
tions. First, only studies in English were included, hence 
some relevant studies in other languages might have been 
overlooked. Second, all the included studies assessing car- 
diopulmonary function used a sealed spirometry mask, 
which was placed over the face mask. Given this situa- 
tion, the extra pressure exerted by the spirometry mask 
may further influence the breathing resistance and air- 
flow, which may affect the gas exchange measurement, 
e.g., ventilation [44]. Moreover, it should be mentioned 
that all studies included in the current review were acute 
effect studies with healthy individuals. While most did not 
report adverse events during trials, suggesting that wearing 
face masks during exercise is safe in general, more inter- 
ventional studies examining long-term effects and safety 
issues under different environmental conditions with vari- 
ous populations are needed. 


5 Conclusion 


This study provides a comprehensive explanation of the 
effects of exercising with different types of face masks 
on physiological and psychological factors. Wearing face 
masks during exercise generally showed modest effects 
on gas exchange, pulmonary function, and psychological 
outcomes in healthy individuals, while the effect on exer- 
cise performance appeared to be small. Further research 
on long-term face mask intervention is warranted. 
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